ABSTRACT
The catalytic growth of single walled carbon nanotubes
by
Alvin Orbaek White

Single walled carbon nanotubes were synthesized using a variety of transition
metal catalyst nanoparticles under a variety of reaction conditions. The degree of control
for the growth procedure was qualitatively and quantitatively assessed using a variety of
characterization techniques including resonance Raman spectroscopy, scanning electron
microscopy, transmission electron microscopy, thermogravimetric analysis, and atomic
force microscopy. It was found that doping the catalysts with a second metal, also from
the first row transition series, would alter both the rate of growth, and the diameters of the
nanotubes that were produced. Further to this, work conducted using a bimetallic FeCo
catalyst was found to exhibit two distinct growth stages, where each stage required
careful selection of reaction conditions to maximize product output. By this method the
design of a ‘catalyst activity map’ is proposed such that optimal conditions for nucleation
and growth are determined. As a corollary to this work the synthesis of multi walled
nanotubes was also carried out and it was found that the effect of the reaction conditions
also greatly influenced the product outcome. Products ranged from long thin multi-walled
nanotubes to carbon nanofibers. In this manner a ‘process map’ was developed according
to the carbon nanomaterials that were created, as a function of the reaction conditions that
were employed.
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“It’s the best formula that works the best”,
Hazmat fire officer, when asked for the formula of the chemical compound used in the
fire extinguisher during our training.
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unique to the concentration of metal. Diameters calculated based on Eq. 2.1.46
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first determined (b), and then subtracted (c). The peaks are then identified (d)
and the area under the peaks obtained (e). The data is exported for further use
(f) such that the peaks for each set of raw data are determined and the
respective volume under each peak determined. The volume under the peak is
then used to graph a final plot of the peak position versus peak volume.

78

Chapter 3
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H2:CH4 of 50:50, with the following catalyst concentrations: a) 1 mM, b)
1.25 mM, c) 1.65, and d) 2.5 mM. Scale bar = 5 µm.
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2.5 µm.
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Figure 3.8. Plot of the number of SWNTs grown (yield) from the second growth
(compared to the first growth) as a function of hydrocarbon content as
defined by the partial pressure of methane.
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Figure 3.9. SEM images of SWNT growth showing (a) the results from first growth and
(b) the results from second growth run under the conditions CH4:H2 (60:40).
Scale bar is 2.5 µm long.
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Figure 3.10. Plot of yield from the growth of single walled carbon nanotubes as a
function of gas partial pressure of hydrogen.
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Figure 3.11. SEM image showing (a and b) partial etching in second growth (b),
highlighted by the red lines, and amplification (c and d) showing the
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Figure 4.1. Secondary electron emission from various materials related to this work.
Values obtained from CRC Press Handbook of Chemistry and Physics, CRC
Press 2003, 85th Edition. SEM from various materials is a non-linear variable
property dependent not only on the conductivity of the sample but also more
specifically on the point at which secondary electron emission is achieved.
The incident energy required to achieve maximum emission depends on the
material used. So for sample with mixed material compositions some
compromise of imaging capacity has to be accepted to see all the materials
present.
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Figure 4.2. Comparison of (a) AFM and (b) SEM images of SWNTs grown from FeCo
catalysts in a Spin-On Glass substrate, suggest the presence of subterranean
SWNTs as determined by SEM imaging.
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Figure 4.3. Schematic representation of the imaging of surface versus embedded
SWNTs.
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Figure 4.4. SEM image of typical sample of SWNTs grown from FeCo catalyst within a
Spin-On Glass substrate, displaying a random network of SWNTs traversing
the substrate. The networks consist of various length nanotubes that are
interconnected, these SWNT appear strongly in the SEM. However very faint
images of nanotubes are also detected in the image, they appear to be
unconnected and isolated from the network, as highlighted by the box. Note
that within rectangular area there is no apparent SWNT. Image was acquired
with 40 !s dwell time, 5 kV, spot size 4, WD 3.6 mm.
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Figure 4.5. SEM image of examples of interconnections between SWNTs (a). When
nanotubes are connected they undergo intimate contact along the sidewalls
and can be characterized by AFM, which upon imaging at higher resolution
reveals a shape similar to that of the eye of a needle (b).
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Figure 4.6. SEM images of rectangular box from Figure 4.4. Individual and isolated
subterranean nanotube reveal that once the cross over point for the nanotube
is achieved the nanotubes can still appear very faint within the image (a).
Upon altering the instrument dwell time, to quicker time frames, the nanotube
intensity varies according to the respective dwell time. In this case the dwell
times are 80 !s (a), 10 !s (b), 3 !s (c), and 0.3 !s (d). All images acquired
with 1x frame integration, 5 kV incident beam, spot size 4, and working
distance 3.6 mm.
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Figure 4.7. SEM images of seven SWNTs that were acquired at various dwell times: 40
!s (a), 10 !s

(b), and 0.5 !s (c). At long instrument dwell times the

nanotubes appear as black but at the rapid dwell time the nanotubes appear
much brighter, thus highlighting the difference caused by the instrument
dwell time in detecting the presence of isolated SWNTs. All images acquired
with frame integration 32x applied, spot size 7, 30 kV incident beam, 9.6 mm
working distance.
Figure 4.8. Illustration of imaging of SWNTs at different dwell time.
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Figure 4.9. Plot of SWNT intensities for SWNTs shown in Figure 5 as a function of
instrument dwell time, showing the inverse relationship of SWNT intensity
with respect to dwell time. Quicker dwell times have the effect of making the
nanotube more pronounced within the SEM image. Legend is as follows: I =
0.30 !m ( ); II = 0.61 !m ( ); III = 0.66 !m ( ); IV = 1.50 !m ( ); V = 1.95
!m ( ); VI = 4.90 !m ( ). For clarity the data of only the background ( ),
network SWNTs ( ) and SWNT III are shown connected.
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Figure 4.10. EM images acquired at various magnifications and operating voltages.
Image aquisition: (a) 1.5 kV, 1 µs, spot 4, WD 10.2 mm, 23519x
magnification, 32x frame integration; (b) 30 kV, 1 µs, spot 7, WD 9.6 mm,
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24588x, 32x; (c) 1.0 kV, 40 µs, spot 4.5, WD 9.8 mm, 1845x, 32x; (d) 30 kV,
20 µs, spot 6, WD 9.7 mm, 2243x, 1x.
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Figure 4.11. SEM images of area acquired under variable raster scan directions, and
dwell times, such that each image is orthogonal to one another starting with
regular imaging conditions (a) and alternating 90 degrees. Image acquired at
1 µs dwell time, 32x frame integration applied; 30 kV acceleration voltage,
with spot size 7 at working distance of 10 mm, using a 10,000x
magnification. The scan orientation tracks from left to right (a), bottom to top
(b), right to left (c), and top to bottom (d).
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Chapter 5
Figure 5.1. Typical examples of MWNT samples prepared by injection CVD. Grown
using toluene as the hydrocarbon source, with (a) 13 wt% ferrocene
concentration at 1 mL.h-1, (b) 13 wt% at 3 mL.h-1, (c) 5 wt% at 1 mL.h-1, and
(d) 5 wt% at 3 mL.h-1. All growth runs were carried out with a growth
temperature of 700 °C.
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Figure 5.2. Typical TGA curve for a sample grown using benzene as the hydrocarbon
source, with an injection rate of 1 mL.h-1, a growth temperature of 700 °C,
and a ferrocene concentration of 5 wt%.
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Figure 5.3. TGA calibration plots for (a) SWNTs, (b) MWNTs, (c) VGFs, and (d)
graphite.
Figure 5.4. Raman spectra of (a) HiPco SWNTs, (b) MWNTs, and (c) graphene.
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Figure 5.5. Representative Raman spectra of the products formed using a ferrocene
concentration of 5 wt% in toluene (a) with an injection rate of 1 mL.h-1, a
growth temperature of 800 °C, and (b) with an injection rate of 1 mL.h-1, a
growth temperature of 600 °C. Peaks due to iron oxide are designated with *.
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Figure 5.6. Plot of isolated product as a function of the growth temperature for samples
formed using toluene, with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, and a carrier gas flow rate of 1 L.min-1.
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Figure 5.7. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, a carrier gas rate of 1 L.min-1, and growth
temperatures of 500 ºC (a, b), 600 ºC (c, d), 700 ºC (e, f), 800 ºC (g, h), and
900 ºC (i, j). Scale bars are 50 µm (a, c, e, and g) and 5 µm (b, d, f, h, and j),
and 500 µm (i).
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Figure 5.8. High resolution TEM images of the product (sample 3) from growth runs
carried out using toluene with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, a carrier gas rate of 1 L.min-1, and growth
temperatures of 700 ºC, showing (a) MWNTs as formed from iron catalyst,
and (b) the presence of carbon nanofiber with catalyst present inside fiber
centre.
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Figure 5.9. Plot of G:D ratio as a function of the growth temperature for samples formed
using toluene, with an injection rate of 1 mL.h-1, a ferrocene concentration of
5 wt%, and a carrier gas flow rate of 1 L.min-1.
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Figure 5.10. Plot of isolated product as a function of the carrier gas flow for samples
formed using toluene, with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, and a growth temperature of 700 °C.
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Figure 5.11. Plot of percentage of iron residue as a function of the carrier gas flow for
samples formed using toluene, with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, and a growth temperature of 700 °C.
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Figure 5.12. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, a growth temperature of 700 ºC, and a carrier gas
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flow rate of 1 L.min-1 (a, b), 3 L.min-1 (c, d), and 5 L.min-1 (e, f). Scale bars
are 20 µm (a, c, and e) and 2 µm (b, d, and f).
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Figure 5.13. Plot of G:D ratio as a function of the carrier gas flow for samples formed
using toluene, with an injection rate of 1 mL.h-1, a ferrocene concentration of
5 wt%, and a growth temperature of 700 °C.
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Figure 5.14. Plot of isolated product as a function of the ferrocene concentration for
samples formed using toluene, with an injection rate of 1 mL.h-1, a carrier gas
flow rate of 1 L.min-1, and a growth temperature of 700 °C.
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Figure 5.15. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 1 mL.h-1, a carrier gas
flow rate of 1 L.min-1, growth temperature of 700 ºC, and a ferrocene
concentration of 1 wt% (a, b), 5 wt% (c, d), 9 wt% (e, f), and 13 wt% (g, h).
Scale bars are 5 µm (a, c, e, and g) and 500 nm (b, d, f, and h).
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Figure 5.16. Plot of G:D ratio as a function of ferrocene concentration for samples
formed using toluene, with an injection rate of 1 mL.h-1, a carrier gas flow of
1 L.min-1, and a growth temperature of 700 °C.
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Figure 5.17. Plot of isolated product (g) as a function of ferrocene injection rate (mL.h-1)
for samples formed using toluene, a carrier gas flow rate of 1 L.min-1, a
growth temperature of 700 °C, and various ferrocene concentrations.
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Figure 5.18. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 3 mL.h-1, a carrier gas
flow rate of 1 L.min-1, growth temperature of 700 ºC, and a ferrocene
concentration of 1 wt% (a, b), 5 wt% (c, d), 9 wt% (e, f), and 13 wt% (g, h).
Scale bars are 10 µm (a, c, e, and g) and 0.5 µm (b, d, f, and h).
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Figure 5.19. Plot of G:D ratio as a function of the precursor injection rate for samples
formed using toluene, a carrier gas flow of 1 L.min-1, a growth temperature of
700 °C, and various ferrocene concentrations.
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Figure 5.20. Plot of (a) isolated product and (b) reaction yield as a function of the
hydrocarbon precursor for samples formed using an injection rate of 1 mL.h1

, a carrier gas flow of 1 L.min-1, a growth temperature of 700 °C, and a

ferrocene concentration 5 wt%.
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Figure 5.21. SEM images showing both low and high magnification images of growth
runs carried out using (a, b) cyclopentane, (c, d) methylcyclopentane, (e, f)
cyclohexane, (g, h) toluene, and (i, j) benzene with an injection rate of 1
mL.h-1, a carrier gas flow rate of 1 L.min-1, a growth temperature of 700 ºC,
and a ferrocene concentration of 5 wt%. Scale bars are 100 µm (a, c, e, and g)
and 5 µm (b, d, f, and h).
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Figure 5.22. Plot of G:D ratio as a function of the hydrocarbon precursor for samples
formed using an injection rate of 3 mL.h-1, a carrier gas flow of 1 L.min-1, a
growth temperature of 700 °C, and a ferrocene concentration (5 wt%).
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Figure 5.23. Schematic representation of the products formed as a function of catalyst
concentration and injection rates.
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Figure 5.24. Schematic diagram of the experimental setup for the injection CVD system.
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Introduction
For millennia mankind has used carbon in various elemental forms.1 As early as
3750 BC, the ancient Egyptians used wood chars (charcoal) in the reduction of copper,
zinc, and tin ores.2 In 1500 BC, records indicate that carbon was used in medicinal
applications to absorb vapors from putrefying wounds. The Phoenicians maintained the
purity of potable water on sea vessels by transporting it using charred wooden barrels. In
80 BC, Vitruvius wrote of how carbon soot was used for ink - pine branches were burned
and the smoke condensed upon marble slabs to make soot that could be used as long
lasting inks.1 There are potentially many more applications of how carbon was used in
ancient history, although few records exist due to a mass burning of scientific literature
ordered by the Roman Emperor Diocletian in 297 AD.2 Thankfully there are lasting
examples that have stood the test of time, and stand testament to the enhanced properties
of carbon nanomaterials. One clear example is Damascus steel that was found to contain
multi walled carbon nanotubes, as evidenced by electron microscopy.3 This is especially
impressive when one considers that this steel harks from a lost era of metal work that was
developed in India in a time period around 300 BC; the process for making Damascus
Steel has been lost, but the materials have stood the test of time.
Even though solid carbon has been in use for such a long time it does not feature
as one of the more important technological materials throughout the ages. As can be seen
from Figure I.1 the use of solid carbon materials for practical application has only
recently become relevant. Although the small wedge in the bottom right hand corner that
is devoted to diamond materials only begins around the year 1990, most likely with the
discovery of the Buckminster fullerene, it could be argued that carbon materials first
started to make an impact in the mid 1900’s through the use of carbon fibers. These were
first discovered in 18904 but did not become technologically important until much later
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both because the capacity for large-scale production, and the capacity to incorporate them
into other materials in the form of composites had not yet been developed.

Figure I.1. Chart of the relative importance of various materials throughout the ages.
Sourced from and copyright: J. C. Sung, and J. Lin, Diamond Nanotechnology: Syntheses
and Applications, Pan Stanford Publishing, 2010.

Carbon fibers are made of sp2 carbon units that when stacked together form macro
scale objects. These are often incorporated into a metallic, ceramic, or organic (polymer)
matrix to enhance a material’s mechanical properties. These composite materials often
boast properties of high strength to weight ratios, much higher as compared with the
individual components. Nanotubes, too, offer gains in materials performance, but with
potentially even greater enhancements, such as an increase in charge carrying capacity by
three orders of magnitude (compared to copper), and increased tensile strength that is 2
orders of magnitude stronger than structural steel, and an order of magnitude stronger
than carbon fibers. Both carbon nanofibers (CNFs) and carbon nanotubes (CNTs) are
similar because of the presence of sp2 carbon. They are also made in a similar fashion,
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using similar conditions and materials. Just as with CNFs the hope is that eventually
CNTs can be made on such a scale and with a quality to merit inclusion to everyday
materials, as well as those that are for highly specialized applications.
Carbon nanotubes have been touted for use in a wide variety of applications; the
range includes, but is not limited to electronics, structural, and biological applications.
This becomes clear when one examines the structure of a nanotube. The principal
analogy compares chicken wire to represent a graphitic lattice, whereby the 6-sided gaps
in the wire constitute the 6 member rings of benzene, as can be seen in Figure I.2a. The
sp2 nature of the carbon atoms is shown in Figure I.2b. When the graphene sheet is rolled
up it can form a tube, but depending on the direction that takes the central axis of the tube
it will exhibit different electronic properties. If for example in Figure I.2c the tube is
rolled up about the y axis then the nanotube will have no bandgap at the Fermi energy
level, and so electrons will be able to pass along this tube making it conductive, or
metallic in nature. This kind of a tube is commonly referred to as an armchair tube
because of the shape the carbon atoms make at the mouth of a tube, that resemble an
armchair. But if on the other hand, the tube is rolled up about the x-axis as shown in
Figure I.2c then the nanotube will have an intrinsic bandgap at the Fermi energy level.
This will mean that the nanotube will be a semiconductor. This kind of tube is commonly
referred to as a zigzag tube because of the zigzag nature of the carbon atoms at the mouth
of the nanotube. Another possibility for a nanotube exists if it is rolled up along any other
axis in between either the x, or the y direction, these kinds of nanotube are known as
chiral, and they have a variety of bandgaps. The angle that the axis takes with respect to
the [100] axis of the graphene lattice is known as the chiral angle. Essentially the chiral
angle can be used to determine the properties of the nanotubes. Those with small chiral
angles are zigzag in nature, and those with large chiral angles (max = 30 º) are armchair
in nature. Multi walled nanotube have many nanotubes stacked on top of each other,
whereby each tube can be of different chiral angle.
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Figure I.2. Carbon nanotube as rolled up from graphene sheet. Sourced and copyright: P.
McEuen, Phys. World, 2000, 13, 31.

Because the armchair nanotubes have no bandgap at the Fermi energy level they
have been suggested for use as electrical conductors, particularly because they have the
capacity for ballistic electron transport along the nanotube.5 Theoretical work has
suggested they have a current carrying capacity of up to 109 A/cm2, this is 3 orders of
magnitude greater than copper (106 A/cm2). For this reason Nobel Laureate Richard
Smalley envisioned they could be used as a means to conduct energy around the globe in
a smart electrical grid comprised of fibers, made from armchair nanotubes, that is known
as the armchair quantum wire (AQW).6 Although fibers have been made using SWNTs
they have not been exclusively of armchair SWNTs; as such the AQW remains an elusive
goal.
Regardless of the electronic properties of the nanotube all the tubes have a very
high tensile strength; this is a measure of the force required to pull the material apart. As
can be seen from Figure I.3 the tensile strength of carbon nanotubes far surpasses that of
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either structural steel or carbon fiber. For this reason it is envisioned that nanotubes be
used to lend strength to structural components, and the structures themselves.

Figure I.3. Tensile strength of various materials as compare to carbon nanotubes.
Sourced and copyright: Petrukhina, M. A.; Scott, L. T.; Fragments of Fullerenes and
Carbon Nanotubes: Designed Synthesis, Unusual Reactions, and Coordination
Chemistry; John Wiley & Sons, 2012.

So you might ask the question: if CNTs have such amazing properties, then why
are they not being used on a daily basis? There are several reasons for this, but in reality
the bottleneck in the large-scale adoption of CNT materials comes down to problems
with production. At this time they are too costly to meet the demand that they could
potentially fill. Two points can summarize this: the first being the type of nanotube that is
created and this is particularly important for the purpose of electronic applications. When
a batch of nanotubes is made there exists a wide variety of chiralities within the product,
all of them SWNTs, but they each will exhibit intrinsic bandgaps that range from 0 eV
(metallic) to a several eV (semiconducting) that is determined by the chiral angle. If the
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purpose of the SWNTs is for electronics then it is imperative to have tubes with specific
bandgaps so that they can be implemented appropriately. The second factor that is
hindering nanotube use is the cost of production, at present the cost of “cheap tubes” is
$50,000/kg,7 compared with copper ~$6/kg.8 In summary, the electronic properties of the
product batch can vary wildly, and even the cheaper tubes are orders of magnitude more
pricey than the materials they are proposed to supersede. Further to this I should add that
the chemistry of SWNTs has somewhat hindered the use of nanotubes; although great
strides have been made in this field in the past two decades, there is still much to learn
before this material can be readily adopted and incorporated into materials in large scale
quantities.
Nanotube production is still in need of significant improvement and there is work
being carried out to overcome these issues, since the SWNT products offer such
enhanced properties and that drives new research, all in the hope that eventually these
remarkable materials can be made a part of every day experience.
In order to overcome the problems associated with nanotube production there are
three possible solutions. The first solution that has been proposed involves a chiral
specific growth method, which would ensure that all nanotubes are of a specific chirality
or at least a narrow range of chiralities. This would make the nanotube products more
homogeneous in their bulk properties and could greatly facilitate their use in a variety of
applications. There has been some work that suggests this is possible, and some
companies now sell nanotubes that are primarily (>80%) semiconducting. However, the
methods are not widely shared, and the exact mechanism by which nanotubes form have
not been elucidated. Until such time that the exact mechanism is understood, other
avenues of research should be explored.
The second possibility is to separate the nanotubes in such a way that they be
sorted according to properties such as length, diameter, or chirality. To this date there
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have been great strides9 made in this area and there are several possible routes that could
be employed on a large scale in the foreseeable future.10
The third option would entail the idea of amplification of specific nanotubes. This
was the brainchild of the late Prof. Smalley, and it is the project that I have worked on
most throughout my time here at Rice. Amplification can be used to increase the length
of a nanotube, this was an idea that originated from Rice University11,12 but has been
adopted by a number of other groups internationally.13 This process involves the creation
of a SWNT-Cat complex, that is then subjected to further growth procedures in order to
lengthen the nanotube. The nanotube can be selected from a batch of tubes that have been
sorted by the methods that were previously mentioned. In this work that is shown in
Chapter 3, amplification occurs when a nanotube is used as a template or seed for further
growth, whereby the length of that tube is extended to such a degree that it measurably
increases the quantity of that nanotube. When enough of the tube is created, the product
can either be recycled for further amplification, or it can be used in a specific device or
material, such as a fiber that is woven to make a cable for electrical transport. In this way
it was envisioned that the ultimate goal of Professor Smalley, the armchair quantum wire
would be made a reality. The work I have carried out to further this goal is presented in
Chapters 3 and 4.
The main thrust of my work has dealt with the growth of SWNTs; in particular I
sought to understand if a catalyst could be made to produce a batch of type-specific
nanotubes (Chapter 2). Further to this I also worked on the aspect of amplification
(Chapter 3). To understand the problems related to nanotube growth one must look into
the methods by which the nanotubes are produced and see what gains have been made to
creating tubes of a specific chirality. There are several methods applied to the growth of
SWNTs and these include laser ablation, arc discharge, high-pressure CO conversion
(HiPco), and what is commonly referred to as chemical vapor deposition (CVD). Recent
focus has been centered on the CVD growth method for both the growth of type-specific

8

SWNTs, and also others have used this technique for the large-scale production of tubes.
At the present state of understanding, it is highly likely that CVD be the method of choice
to make nanotubes of high purity, homogeneous properties, and sufficient scale for
industrial purposes. For this reason, it is the method by which my work has followed, of
which you can find the details reported herein. Further to this, it is the method by which
carbon nanofibers (CNFs) are commonly made, as they are structurally similar to CNTs.
It is possible to ask: can the understanding gained from the production of CNFs be
applied to solve the problems of CNT products? I believe that it is, and I present my
findings in this thesis to support this claim (Chapter 5). To begin I will use the example
of CVD to describe both CNF and CNT growth.
In the CVD process, a carbon feedstock gas (vapor) enters the growth oven at a
temperature ranging between 500 and 900 °C. The carbon source, usually a hydrocarbon,
is then adsorbed onto the surface of a catalyst, which is typically a transition metal in the
form of a nanoparticle that resides atop a substrate (Figure I.4a). The catalyst then
absorbs the carbon from the surface of the nanoparticle until a saturation point is reached,
at which point the carbon then precipitates from the nanoparticle (Figure I.4b). The
surface geometry and size of the catalyst can assist the formation of a buckyball
hemispherical cap; graphitic carbon that precipitates from the metal will most likely be
curved due to the curvature of the catalyst surface, and so resemble a C60 cap. Upon the
formation of this cap, further carbon atoms bind to the edges of the cap, but as the
dimension of the nanoparticle constricts them it forms into a tube (Figure I.4b). As
opposed to growing in a laminar fashion that would otherwise produce a sheet of
graphene, this structure now grows as a nanotube. Growth is then terminated at some
point; either the nanoparticle metal atoms migrate due to a process akin to Ostwald
ripening,14 or the catalyst becomes engulfed in carbon forming a barrier around the
particle causing tube growth to cease (Figure I.4d). I would like to point out that what I
have described in words is the growth of a SWNT, however, the figure I have chosen was
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instead used to describe the growth of carbon filaments, also known as carbon fibers. I
chose this dated picture15 to help illustrate the fact that although great strides have been
made in recent years pertaining to the understanding of SWNT growth, the scientific
community really has not moved much further than the understanding that was at hand
several decades ago. I do this for the following reason, I believe that by looking at the
lessons learned from the growth of carbon fibers, we can as a community interested in

Figure I.4. Formation of carbon fibers, as described in 1989,15 whereby a metal particle
resides on a substrate (a), and upon being subjected to hydrocarbon source such as
acetylene (b) the walls of a tube begin to form. Upon further addition of carbon material
the carbon migrates through the metal particle to the edges of the growth tube (c). After a
certain point the tube is prevented from further growth (d) due to the presence of a
graphitic shell around the metal particle. Sourced and copyright: R. T. K. Baker, Carbon,
1989, 27, 315.
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SWNT growth also make strides towards achieving SWNT materials that suit our needs
of purity, quality, and quantity.
To date the prevailing thought about the formation of nanotubes requires the
presence of a catalyst, although there is a growing body of evidence to suggest a noncatalyst approach to nanotube growth, and even nanotube nucleation are feasible; this in
itself would mean a major breakthrough in the understanding of nanotube synthesis. For
example the group of Lawrence T. Scott has created the beginning of a (5,5) nanotube
that was made from first principle chemistry techniques.16 In this work Scott highlights
the pathway for nanotube growth to proceed via Diels-Alder addition, however this
become energetically unfavorable on a nanotube because of the inherent strain in the
bonds that is caused by the curvature of the tube. Other groups have also claimed to make
nanotubes by using sliced C60 caps to nucleate nanotube growth,17 and yet other groups
have also claimed to produce nanotubes without any catalyst by simply reacting ethanol
over a quartz substrate.18 However, at this time I will focus on the employment of a
catalyst for both SWNT and CNF growth. The understanding in both nanotube and
carbon fiber growth is based on very similar reaction pathways, each requiring the
presence of a catalyst. The work presented herein is based on the use of a catalyst also.
When I first began my research it was thought that chiral specific growth could be
controlled by use of catalyst nanoparticles of specific sizes, and particularly with very
narrow size ranges. The idea was that the diameter of the catalyst constricts the size of
the resulting nanotube and thus can produce specific chirality nanotubes. Yet as can be
seen from Figure I.5 even a slight difference in the diameter of a nanotube can create two
distinct nanotube types. Even though the difference is but 0.01 nm in the diameter of the
tube, one can either have an armchair tube, or a zigzag tube. If this were to be created in
the product of a growth run it would still be necessary to undergo a post-growth
separation procedure in order to produce a product with homogeneous properties with
respect to the conductivity of the materials. This begs the question, if size may not be the
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best factor upon which to base an attempt at type specific growth, then what else can
have an influence?

Figure I.5. Two nanotubes are shown to demonstrate that slight changes in diameter can
lead to differences in the bandgap between the materials.

Theoretical work from the group of Boris Yakobson has presented two distinct
ideas to assist in the development of type-specific growth. The first idea deals with the
addition of carbon bonds to the edges and of a growing nanotube based on the chiral
angle of the nanotube. This theory comes from conventional knowledge about how the
edges of crystals grow, such that edges grow much faster than flat surfaces. With regard
to nanotubes, the model suggests nanotubes with larger chiral angles (30º < ! > 20º) have
a greater propensity for growth. The work is correlated very well with the findings from
other groups, suggesting the theory matches very well with experiment. However, this
theory deals with the rate of growth after nucleation has been initiated, suggesting that
once nucleation has occurred then nanotube growth will continue at a rate congruent with
the type of nanotube that has been produced. Further to this, the chirality is locked into
place after nucleation and does not change. As a consequence of this model one must
accept the idea that the nucleation stage controls the chirality of the nanotube. Once the
nanotube is nucleated, all things being equal, that chirality type is frozen and the rest of
the tube will be of identical chirality. However, it has been shown experimentally, that
slight deviations in temperature during the growth of SWNTs can cause a nanotube to
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change chirality during the growth process.19 Nonetheless, the Yakobson model is held
with high regard at this time within the community, particularly since the concept has
since been corroborated by work from other groups.20
In a second model the Yakobson group has suggested that a chemical potential
can influence the nucleation of a nanotube, whereby the edge of the nanotube is likened
to a growing graphene edge that contains a “chemical phase shift”.21 This shift is
determined by chemical conditions at the edge of the graphene, and in practical terms can
be experimentally controlled according to the choice of catalyst. This chemical potential
can be altered according to the type of metal that is used; for example, in this work they
give examples in their calculations as to how the chiral angle of the ensuing nanotube can
be influenced by the metals Fe, Ni, Co, and Cu, and also the element H. This begs the
question: can the metal in the catalyst affect the type of nanotubes that are grown? Much
of the work that I have carried out would suggest that this is the case.
"For a catalyst to be useful it must have a large surface area, bind the reactants
quickly and efficiently, stabilize the activated complex, and release the products of the
reaction. Thus the attraction of molecules to the surface as well as the total surface area is
very important."22 For this reason catalysts for CNT growth are most often of a
nanometer scale, and made of a transition metal. As a nanoparticle they have a high
surface area, and being made of a transition metal they have a moderate binding affinity
for carbon compounds and they have been found to exhibit a “volcano-shaped pattern
across the periodic table” with regard to the carbon-metal bonding interaction.23 This both
ensures the carbon compound comes into contact with the catalyst surface, and also
allows for the carbon to precipitate to form a nanotube. To ensure that nanoparticles are
present in a growth reaction one can create metallic nanoparticles to be used as catalysts.
In Chapter 1, I have described my efforts to make and understand a series of iron oxide
nanoparticles that were used for the synthesis of nanotubes. The nanoparticles are made
by the reduction of iron acetylacetonate in the presence of a non-coordinating ligand. The
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sizes and size distribution of the particles can be manipulated by use of capping ligands
such as oleic acid and oleylamine. Combining the iron acetylacetonate (acac) with a
similar compound of another metal can control the composition of the particles, for
example an iron copper oxide nanoparticle can be made by using copper acetylacetonate
as a reactant in addition to the iron acetylacetonate. The benefit to using a pre-formed
catalyst is that the material can be characterized prior to growth of CNTs. This can help
to understand the nature of nanotube growth when the nature of the catalyst is well
documented prior to growth. The most common metals used for the growth of CNTs deal
with transition metals, and most often use iron; for this reason the iron nanoparticle
synthesis was explored. Further, we have found in previous work13 that the presence of a
bi-metallic catalyst can be beneficial to the growth of SWNTs, and so it was desirable to
further investigate these phenomena. For this reason the process for making bi-metallic
catalysts was explored. The choice of the second metal was based on the fact that first
row transition metals are commonly known to grow CNTs and CNFs.
The catalyst plays a large role in controlling the growth of SWNTs. The metal
used, the shape of the particle and the interaction of the particle with both the
hydrocarbon and the substrate can play a large role in determining the outcome of SWNT
growth. The catalyst sets up the primary boundary conditions that affect SWNT growth.
The most common catalysts to be used are transition metals, most notably Fe, Ni, and Co.
However, since the first reported discovery of SWNTs in 1991, the range of catalyst
materials has expanded quite a bit, and today it includes the coinage metals Ag, Cu, and
Au,24 and also non metals such as zirconia.25 Many research papers have focused on the
use of monometallic catalysts, and some have claimed that selective growth can be
achieved using Cu catalysts.26 In this report Cu was used to grow rather long tubes in very
rapid time frames, but with a very sparse concentration of those longer tubes. However
when analyzed using Raman spectroscopy it was found that the chiral angles of the tubes
were within a narrow range, and most exciting about this work was that the majority of
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the tubes were found to be metallic in nature. If this method proves to be correct it could
be a facile method to employ a monometallic catalyst in the production of type specific
SWNTs. One other group deserves mention here, as they have reported also on the
capacity to produce pure armchair nanotubes using an iron catalyst.27 The key feature in
this work is the pre-treatment of the catalyst particle with helium gas, because
observation with in-situ TEM it was observed that faceting occurred along the planes of
the catalyst surface in such an environment. From this observation it was postulated that
Wulff reconstruction on the particle surface was occurring and that the rigid facet could
act to grow armchair SWNTs in an epitaxial manner. If this is true then the need to
produce exotic catalyst nanoparticles may not be required, and the AQW might be
created using rudimentary iron nanoparticles if treated appropriately prior to growth.
There are several groups that have also focused on the use of bi-metallic catalyst
systems; I myself have worked with a catalyst system that incorporated both iron and
cobalt, as this followed previous work that showed an FeCo system was best suited to
amplification of SWNTs.12 In other work it has been found that with a bi-metallic system
of CoMo,28 the most controlled growth has been achieved to date. The philosophy behind
a bi-metallic catalyst is that a complementarity exists between both metals; in this case
one metal acts as a retardant in the growth process that enables a more controlled growth
to occur. In the case of CoMoCat growth the Mo is used as a retardant in the process;
without the present of Mo the Co can produce large quantities of tubes, but they are of
varying chirality, diameters, and sometimes even of multiple walls too, unless the Mo is
used in addition to Co.
The suggestion that a retardant be used in the catalyst system has also been
applied rather successfully to create SWNTs of similar chiral angles, by using CoSO4 as a
procatalyst reactant.29 The addition of sulfur to the catalyst mix has also been adopted by
the Windle group to produce nanotube bundles that were highly aligned, and so could be
spun directly from the reactor; without the presence of sulfur the tubes could not be spun
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and they attribute this to the sulfur acting as a surfactant about the iron nanoparticle
catalyst.30 However, most interesting is that they arrived at their results by taking lessons
from metallurgy, and in particular they looked at how the presence of sulfur can influence
the growth of vapor grown fibers (VGF), once again demonstrating how lessons from the
world of fiber growth can be used to positively influence the growth of CNTs. In the
preceeding work from this group it was shown that if instead a heterocyclic nitrogen
compound was used, the nanotubes (multi walled) were all found to be either armchair, or
zigzag.31 Although the evidence from X-ray diffraction (XRD) has suggested them to be
all armchair they have yet to publish work relating to the conductivity of this material.
The role of the nitrogen has been postulated to stabilize the catalyst in a Fe3C phase; this
in turn acts to grow armchair SWNTs in an epitaxial manner. If this were so, then it
would suggest that controlling nanotube growth would be best achieved by epitaxial
growth.
Beyond the influence of the catalyst type and composition it has also been found
that the experimental parameters too can have dramatic influence on the growth of
nanotubes. Factors such as the temperature, hydrocarbon species, rate of reduction of the
metal catalyst, the substrate type, and the partial pressures of the growth gasses can all
influence the outcome of nanotube growth.
The temperature of the growth run can influence multiple components within the
reaction; in this way the reactants are coupled to each other based on the temperature of
the reaction. For example, the temperature can influence the nanoparticle altering it’s
state between being in a solid or liquid state; this would in turn influence the mobility of
carbon and influence the carbon flux through the particle during tube growth. With high
temperatures the energy across the system is raised accordingly; this can influence the
general state of the particles by making the particles more mobile. Processes such as
Ostwald ripening could be influenced to occur more frequently, thus changing both the
sizes of the catalysts, and the concentration of catalysts. As larger ones consume smaller

16

catalyst particles, the total number of catalysts will decrease, and this will result in a
concomitant decrease in the total surface area of the catalyst material, that could
potentially influence the total reactivity. The temperature too can have an influence on
the decomposition of the reactant species. Although the catalyst is largely assumed to be
responsible for the decomposition of the carbon molecules, some carbon species may be
decomposed in the reaction chamber as a result of the temperature that is employed.
The hydrocarbon species can play a large role in the product type and properties.
The difference between using a compound that decomposes via an endothermic or
exothermic energetic process can greatly influence the reactivity. Methane for example,
decomposes via an endothermic pathway and is often found to have slower growth rates
with respect to tube growth. Acetylene, however, decomposes by an exothermic pathway
and as such it is most often used in the production of carpets where rapid supply of
carbon is beneficial to rapidly grow tubes that can then be vertically aligned. As
discussed in greater detail in Chapter 5, the decomposition of various hydrocarbons can
create more than one adduct and these too can also react in differing ways with the
catalyst nanoparticle. The temperature of the reaction can influence the reaction
mechanism of the hydrocarbon also, further highlighting the influence of the reaction
temperature to the growth of CNTs. Further; I have found in my own work that the
temperature can also greatly influence the rate of nanotube growth once nucleation has
already been initiated. Interestingly, I found that the growth of SWNTs closely resembles
the reaction of crystal growth with respect to temperature. In my work I used the
amplification of the SWNTs as a corollary for crystal growth and found that at lower
temperatures (800 ºC) nanotubes tended toward amplification, in contrast to when high
temperatures (1000 ºC) were used, the products did not amplify much at all. This work is
presented in Chapter 3.
The gaseous environment often comprises of hydrogen that is used to reduce the
nanoparticles, and a carbon gas from which the carbon is extracted by the catalyst when
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reduced. A careful balance should be found between the reduction of the catalyst and the
supply of carbon such that nanotube products are best achieved. This is also important in
the process of making vapor grown fibers, as the rate of supply of hydrogen and
hydrocarbon can greatly influence the nature of the products. To date there are far too
many papers in the literature that deal with nanotube growth to make an exhaustive
review of the field, however upon a cursory glance one can summarize the following
point. In most cases groups who have been working on CNT growth often employ a
standard set of reaction conditions with respect to the partial pressure of the gasses, and
do not vary from this ratio throughout their work. As such, they have a tendency to pick
their favorite set of conditions, and then continue to use these throughout. Many groups
can be seen to employ the same tactic, and though it does often produce interesting
reports, it fails to look at the system as a whole and as such the scientific community
lacks an understanding of the interesting chemistry. For example, in industry, when a new
catalyst is discovered it is put through a battery of reactions that test a large range of
experimental parameters so that the catalyst can be used at the optimal reaction
conditions. Such conditions will include total pressure, partial pressure, temperatures, and
so forth. When such a process is complete a resultant “volcano plot” is often created, that
can be used to identify the best reaction conditions for said catalyst. As with catalysts, the
position of optimal performance on the volcano can often have product outcomes that are
several orders of magnitude greater when the optimal conditions are employed compared
with when the off-optimal conditions are used. Therefore, it would be beneficial to the
scientific community to undergo such a procedure with respect to nanotube growth. For
this reason I have proposed to create a ‘catalyst activity map’ to do such a thing.32 This
concept was developed when undertaking the work to amplify nanotubes, as I found a
significant difference in the rate of SWNT nucleation for the same set of nanoparticle
catalysts according to the partial pressure of H2 and CH4. This work is presented in
Chapter 3.
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When dealing with CNTs there is also the additional problem of characterization
of the products. As mentioned previously, there are a possibly hundreds of different
chirality SWNTs that can be produced in any given reaction, so how can one determine
the outcome of a reaction when there are so many products to characterize? To this effect
I have proposed two possible answers. In the first case I used resonance Raman
spectroscopy to record the peaks of radial breathing modes (RBM) for nanotubes that
were created using a variety of bi-metallic catalyst particles. The RBM peaks are distinct
to each nanotube chirality and can be used to determine the diameters of the tubes in the
sample. I developed a technique that could be used to compare spectra from many
reaction parameters in an effort to better understand the influence of the catalyst
properties on the growth of SWNTs. This work is presented in Chapter 2.
Further, I also discovered an interesting trait of SWNTs that are embedded within
a silica matrix when imaged using a scanning electron microscope. This work was carried
out as a result of an observation made when collecting data regarding the nucleation and
amplification of SWNTs as a function of temperature and gas partial pressures. In this
work it was noticed that SWNTs were found to disappear when being imaged using long
instrument dwell times with respect to the dwell times associated with focusing of the
device. I suggest the cause of this discrepancy is due to the difference in bandgap
between the SWNTs and the silica matrix, and as such the difference can be associated
with imaging the differences in the bandgaps of the nanotubes. I propose that this could
eventually be used to determine the bandgaps of nanotubes, yet at this time further work
will be required to be able to quantify this effect. This work is presented in Chapter 4.
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Introduction
As a consequence of their potential applications as contrast agents, tracers,
energetic materials, and catalysts, there has been extensive research towards the synthesis
of nearly monodisperse metallic and metal oxide nanoparticles (NPs).1 In the majority of
applications control over the size and size distribution are important considerations;
however, where mixed metal oxides are desired then control over the atomic composition
is also a factor. This is particularly true in the area of catalysis where small changes in
composition can have large effects on the catalytic activity.2-7 Recently, we have become
interested in the potential use of superparamagnetic NPs as traces in geological
formations. The idea is that variation in the Curie temperature can be used as a method
for differentiating one tracer from another and from naturally occurring background
materials.
Common synthetic routes for the preparation of narrowly disperse metallic and
metal oxide NPs include co-precipitation of metals salts, hydrolysis of metal salts (e.g.,
sol-gel), thermal decomposition of organometallic precursors, or the polyol process.8-11 Of
these methods the thermal decomposition of organometallic precursors in noncoordinating, high boiling organic solvents in the presence of templating/surface capping
ligands has proven to be a flexible method for polymetallic nanoparticles with decent
control over size and distributions.12

23

Nanoparticle synthesis in non-coordinating solvents was originally developed for
the synthesis of semiconductor nanocrystals,13 based on the concept of providing reactive
substituents to both components of the system.14,15 However, recently it has become an
attractive method for producing metallic and metal oxide NPs, for example, the one-pot
synthesis of bimetallic oxide NPs by the thermal decomposition of metal acetylacetonate
(acac) precursors in high boiling ethers.16,17
We have previously reported that for the composition of cobalt-iron-oxide (CoFe-O) nanoparticles (i.e., Co:Fe ratio), as synthesized from the appropriate metal acac
precursors, the Co concentration increase linearly with increasing Co(acac)2 precursor
concentration, and only a very small percentage of Co(acac)2 was not directly
incorporated into the NPs.18 This suggested that the kinetics of the decomposition of each
precursor [Fe(acac)3 and Co(acac)2] is near identical and that the composition of the NPs
is statistically a function of the starting precursor mixture. In the course of our studies we
have become interested in whether compositional control can be extended to other
systems and what factors of the precursor stability, structure, and reactivity control the
composition of the final nanoparticle. Our initial results in this area are described herein.

Results and Discussion
As noted in the introduction, we have previously reported that the composition of
cobalt-iron-oxide (Co-Fe-O) nanoparticles (i.e., Fe:Co ratio) prepared by the thermal
decomposition in benzyl ether of Fe(acac)3 and Co(acac)2, in the presence of a mixture of
oleic acid and oleylamine surface capping ligands, and 1,2-hexadecanediol (HDD) as an
accelerating agent, is directly related to the composition of the metals in the precursor
solution. However, the size and size distribution of the NPs was found to depend on the
relative concentration of oleic acid, oleylamine, HDD, and the metal precursor. In order
to investigate the effect of reactant composition (M:M’) we have maintained the relative
concentration of each reactant, including the total concentration of the metal precursors.

24

Thus, mixed metal oxide nanoparticles (M-Fe-O and M-M’-Fe-O) have been prepared
using the appropriate M(acac)n precursors. The elemental composition of the isolated
NPs has been determined by ICP-AES (and EDX), while the particles sizes have been
measured by SAXS and TEM measurements.

Fe-Mn-O NPs. Figure 1.1 shows the composition of Fe-Mn-O NPs, as
determined by ICP-AES, prepared from various solutions of Fe(acac)3 and Mn(acac)2
(Table 2.1). Although the Mn concentration generally increases with increasing
Mn(acac)2 precursor concentration (Figure 1.1, solid line), less Mn is incorporated into
the nanoparticles (see difference between solid and dashed lines in Figure 1.1). The
composition was also determined for selected samples using EDX as a comparison to the
ICP-AES analysis. These data are shown as the open squares in Figure 1.1. In general the
values are in agreement.

Figure 1.1. Atomic percentage of manganese incorporated into Fe-Mn-O nanoparticles
versus the amount Mn(acac)2 used in the reaction. The ideal ratio is shown as dashed line.
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Table 1.1. Summary of metal precursor composition for binary oxide nanoparticles.

Sample

Fe(acac)3

Mn(acac)2

Pd(acac)2

Cu(acac)2

Al(acac)3

(mmol)

(mmol)

(mmol)

(mmol)

(mmol)

1.1

0.675

0.075

1.2

0.6

0.15

1.3

0.525

0.225

1.4

0.45

0.30

1.5

0.375

0.375

1.6

0.3

0.45

1.7

0.225

0.525

1.8

0.1875

0.5625

1.9

0.15

0.60

1.10

0.075

0.675

1.11

0.0375

0.7125

1.12

1.98

0.02

1.13

1.96

0.04

1.14

1.94

0.06

1.15

1.92

0.08

1.16

1.90

0.10

1.17

1.88

0.12

1.18

0.7425

0.0075

1.19

0.735

0.015

1.20

0.7275

0.0225

1.21

0.72

0.03

1.22

0.7125

0.0375
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1.23

0.705

0.045

1.24

0.6975

0.0525

1.25

0.69

0.06

1.26

0.6825

0.0675

1.27

0.675

0.075

1.28

0.6

0.15

1.29

0.525

0.225

1.30

0.45

0.3

1.31

0.375

0.375

1.32

0.3

0.45

1.33

0.225

0.525

1.34

0.15

0.6

1.35

0.075

0.675

1.36

0.7425

0.0075

1.37

0.735

0.015

1.38

0.72

0.03

1.39

0.705

0.045

1.40

0.66

0.09

It should be recognized that ICP-AES analysis provides an average composition
of the isolated nanoparticles. At the extreme case ICP-AES does not differentiate
between samples of nanoparticles that are solid solutions (i.e., Fe-Mn-O nanoparticles)
versus a mixture of nanoparticles of different compositions (i.e., Fe-O and Mn-O
nanoparticles). While it is also possible for composition to vary within individual
particles,19 we are interested in the uniformity over a small range of nanoparticles. In this
regard, a sample of the Fe-Mn-O NPs was spin coated onto a silicon wafer and the Fe and
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Mn content determined over different regions of the sample using EDX. Figure 1.2 shows
the EDX analysis for samples 1.3, 1.4, and 1.9 of Fe-Mn-O; Figure 1.3 shows a
representative example of the SEM image associated with the EDX analysis. As may be
seen from Figure 1.2a and 1.2b, at low Mn content there is a variation of composition
across various areas analyzed. In addition, the values are lower than the bulk analysis
obtained by ICP-AES. At higher Mn content (Figure 1.2c) there is a wider range of
values from EDX, but the average (40.2% Mn) is the same as the ICP-AES analysis (40.2
% Mn). These results indicate that there is a range of Fe:Mn ratios between each Fe-MnO NP. While the ICP-AES analysis represents an average of the whole sample, individual
particles can vary in composition by as much as 30% (see Figure 1.2c).
The detailed mechanism of the synthesis of metal oxide nanoparticles from
M(acac)n precursors at high temperature in organic solvents is not understood as clearly
as the equivalent synthesis under hydrolytic conditions.20 However, under the conditions
used herein, there are two general mechanistic pathways that should be considered: 1) the
direct thermal decomposition of the M(acac)n precursor, and 2) ligand exchange between
the M(acac)n and 1,2-hexadecanediol (Eq. 1.1) with the subsequent thermal
decomposition of the alkoxide compound. The role of the oleic acid or oleylamine appear
to be that of capping agents on the surface of the growing nanoparticle; however, their
role in the decomposition of the precursors cannot be discounted.

M(acac)n + HO-R-OH ! M(acac)n-1(O-R-OH) + acac-H

(1.1)

In consideration of the first reaction pathway, the thermal decomposition
temperature of Mn(acac)2 (248 °C) is significantly higher than that of Fe(acac)3 (184 °C)
that would result in incorporation of Fe in preference to Mn, which is what is observed.
With regard to ligand exchange it is difficult to find comparable data; however, a few
general observation can be made. In the solid state Mn(acac)2 exists as the dehydrate, i.e.,
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Figure 1.2. EDX analysis of various areas of sample 1.3 (a), 1.4 (b), and 1.9 (c) that were
spin-coated onto silica. The value determined from ICP-AES is shown as a dashed line.
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Figure 1.3. Representative SEM image of Fe-Mn-O nanoparticles (sample 1.4) spincoated onto a silica substrate.

Mn(acac)2(H2O)2, with Jahn-Teller distorted octahedral geometry as a consequence of its
d5 valence state.21 It is expected that in the present reaction that this geometry will be
maintained in solution, albeit with solvent (benzyl ether) or appropriate ligands (oleic
acid or oleylamine or HDD) as axial ligands. Fe(acac)3 also has a Jahn-Teller distorted
octahedral geometry.22 While the presence of three chelate ligands may be expected to
stabilize the complex with regard to ligand exchange, ligand exchange for Fe(acac)3 is
significantly faster than for other M(acac)3 complexes.23 Thus, the preferential
incorporation of Fe over Mn is expected based upon the mechanisms understood to occur
for M(acac)n formation of M-O nanoparticles.
As shown in Figure 1.4 the Fe-Mn-O nanoparticle diameters and distributions, as
measured by SAXS, are relatively constant (within particle size distribution) as a function
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of either the reaction composition or the composition of the isolated nanoparticles. The
SAXS data is in agreement with TEM data (e.g., Figure 1.5), which gives sizes for the
nanoparticles in samples 1.4 and 1.5 as 6±2 nm and 7±3 nm, respectively.

Figure 1.4. Dependence of Fe-Mn-O nanoparticle size as a function of the metal
precursor concentration.

Fe-Pd-O NPs. The composition of Fe-Pd-O NPs prepared from solutions of
Fe(acac)3 and Pd(acac)2 is shown in Figure 1.6. Although the Pd concentration generally
increases with increasing Pd(acac)2 precursor concentration (Figure 1.6), there is the
same negative divergence from the reagent composition control that was observed in the
Fe- Mn-O system. However, above 5% Pd this appears to be minimalized. As a
comparison to the analysis using ICP-AES, the Fe:Pd ratios were determined by EDX for
samples drop-coated onto a silicon (see Experimental). As may be seen from Figure 1.6
the EDX analysis is slightly higher in each case, and shows variation amongst the spot
areas analyzed. Again this suggests a slight inhomogeneity in the NPs.
The Fe-Pd-O nanoparticle diameters and distributions are relatively constant as a
function of the reaction composition (Figure 1.7). TEM images of selected Fe-Pd-O NPs
(Figure 1.8) show no significant change in the size or shape with varying composition.
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Figure 1.5. TEM images of Fe-Mn-O nanoparticle prepared from Fe(acac)3:Mn(acac)3
ratio of (a) 60:40 (sample 1.4) and (b) 50:50 (sample 1.5), scale bar is 20 nm for each.
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Figure 1.6. Atomic percentage of palladium incorporated into Fe-Pd-O nanoparticles
versus the amount Pd(acac)2 used in the reaction. The ideal ratio shown as dashed line.

Figure 1.7. Dependence of Fe-Pd-O nanoparticle size as a function of the metal precursor
concentration.

Fe-Cu-O NPs. Figure 1.9 shows the composition of Cu-Fe-O NPs prepared from
solutions of Fe(acac)3 and Cu(acac)2. The Cu concentration increases with increasing
Cu(acac)2 precursor concentration (solid line) and follows the ideal relationship (dashed
line) closer than observed for the Fe-Mn-O NPs. Below ca. 70% Cu the behaviour is
similar to the Fe-Mn-O system, i.e., iron incorporation is preferential over the copper.
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Figure 1.8. Representative TEM image of Fe-Pd-O nanoparticle prepared using a
Pd(acac)2 concentration of 4% (sample no 1.15).

However, above 70% composition in the reagent solution, Cu is preferentially
incorporated.
The particle size of the Cu-Fe-O nanoparticles is generally larger with increased
Cu content (Figure 1.10); however, it is interesting to note that above ca. 60% the size
alters significantly. This mimics the compositional trend shown in Figure 1.9. TEM
images show that in addition to the size changing, the shape is also a factor over 60% Cu.
As seen in Figure 1.11a at high Fe content the typical nanoparticles are faceted; however,
at high Cu composition the morphology is that of aggregates (Figure 1.11b) similar to the
single-crystalline three-dimensional aggregates previously reported by Zhang et al.24 The
size and size distribution as measured by TEM for sample 19 (7±3 nm) is within the
range measured by SAXS (6.8±2.5 nm).
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Figure 1.9. Atomic percentage of copper incorporated into Cu-Fe-O nanoparticles versus
the amount Cu(acac)2 used in the reaction. The ideal ratio shown as dashed line.

Figure 1.10. Dependence of Cu-Fe-O nanoparticle size as a function of the metal
precursor concentration.

The decomposition temperature of the Cu(acac)2 is significantly higher (284 °C)
than that of Fe(acac)3 (184 °C), which would result in incorporation of Fe in preference to
Cu. This is observed at low Cu(acac)2 concentrations, but less so than with Mn(acac)2,
which decomposes at a lower temperature than that of Cu(acac)2 (Fe < Mn < Cu). This
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Figure 1.11. TEM images of Cu-Fe-O nanoparticle formed from (a) Cu(acac)2:Fe(acac)3
= 20:80 and (b) Cu(acac)2:Fe(acac)3 = 80:20.
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suggests that, in the case of the Cu-Fe-O NPs, ligand exchange reaction and subsequent
decomposition is possibly more important that thermal decomposition. Cu(acac)2 readily
makes either mono or bis complexes with Lewis bases,25,26 and as such it is expected that
in the present reaction mixture that HDD or oleylamine (and possibly benzyl ether)
would form complexes, and therefore, it is these coordination compounds that must be
considered to be the “precursor” to the formation of Cu-O fragments for nanoparticle
growth. At high Cu content in the reaction mixture (samples 1.33, 1.34, and 1.35) a
preference for Cu-O nanoparticle is observed. This would suggest that the growth around
a Cu seed occurs preferentially with Cu rather than the incorporation of Fe.

Al-Fe-O NPs. The attempt at synthesizing Fe-Al-O nanoparticles using Fe(acac)3
and Al(acac)3 showed less Al incorporated into the nanoparticles than expected. In fact, at
very low Al:Fe ratios the majority of samples had essentially no Al incorporated, while
above an Al:Fe ratio of 0.5 the Al content reaches a maximum of 17%. Increasing the
amount of Al(acac)3 in the reaction mixture results in less Al being incorporated into the
NPs (see Figure 1.12). The choice of a precursor with a very high thermal stability should
force its incorporation into a NP to be as a function of ligand exchange, and thus allow
for a comparison of the two processes. Al(acac)3 is thermally stable (257 °C) and
undergoes ligand exchange slowly compared to Fe(acac)3.23,27
As expected with minimal Al incorporated into the nanoparticles, TEM images
(Figure 1.13) show little change in the size or shape of the particles. Furthermore, dspacing from high resolution TEM images are within experimental error of those
expected for magnetite (Fe-O) nanoparticles (8.39 Å).28,29
Given the high thermal stability and low rate of ligand exchange observed for
Al(acac)3 it is unsurprising that there is only minimal incorporation into the Al-Fe-O NPs.
If ligand exchange (Eq. 1.1) is a valid pathway, the product of such an exchange would
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Figure 1.12. Atomic percentage of aluminum incorporated into Al-Fe-O nanoparticles
versus the amount Al(acac)3 used in the reaction. The ideal ratio shown as dashed line.

be a metal alkoxide, then the use of an alkoxide precursor (with known ability to form the
appropriate metal oxide) should enhance the incorporation of the metal into the NPs. In
this regard, aluminium alkoxides are well known as precursors for alumina
nanoparticles.20,30 We therefore investigated the synthesis of Al-Fe-O NPs using mixtures
of Fe(acac)3 and Al(OiPr)3 in a publication from the group; this is currently in preparation
for publication.31

Fe-Mn-Zn-O NPs. For ternary oxide mixtures the issue of compositional control
is further complicated. Mixed ferrites have been previously reported with using MnCl2,
ZnSO4 and FeCl3 as the precursors.32 As with this prior work the iron precursor
concentration was maintained constant, while the relative amounts of the Mn and Zn
precursors [Mn(acac)2 and Zn(acac)2, respectively] were varied, see Table 1.2. The ratios
are determined according to the formula Fe2MxM’1-x, where x=0.35, and 0.65
respectively. This is based on the assumption that iron nanoparticles form a spinel ferrite
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Figure 1.13. Typical TEM image of Al-Fe-O nanoparticles with high resolution TEM
image of an individual particle inset.

structure comprised of octahedral sites occupied by Fe3+, and tetrahedral sites occupied
by Fe2+; the addition of a M2+ cation is expected to add to the tetrahedral sites within the
spinel structure. Reaction number 1.43 (Table 1.2) was carried out to scale up the
reaction by a factor of 20 fold, in an attempt to create over 1 gram of product. This was
possible to do without a large difference in the size, or size distribution of the individual
nanoparticles.

Conclusions
We have investigated the ability to control the composition (and compositional
uniformity) of mixed metal oxide nanoparticles through the ratio of reagents in the
reaction mixture. As may be seen from Table 1.3 there is compositional control for most
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of the nanoparticles; however, the predictability is not necessarily a direct correlation
(ratio of reagents = ratio in NP), instead once a calibration curve is obtained a specific
desired composition can be attained. It appears that where the kinetics of decomposition
of the various metal precursors is similar then a direct correlation is obtained (e.g., CoFe-O, Cu-Fe-O, and Fe-Mn-Zn-O); however, where the reactivity is slightly different a
deviation, albeit predictable, from ideal is observed (e.g., Fe-Mn-O). However, when the
reaction rate for one precursor is vastly different from the other (e.g., Al(acac)3 versus
Fe(acac)3) then alternative precursors (e.g., Al(OiPr)3) must be used.31

Table 1.2. Summary of metal precursor composition for ternary oxide nanoparticles and
size of nanoparticle products.
Sample number

Fe(acac)3

Mn(acac)2

Zn(acac)2

Nanoparticle

Size

(mmol)

(mmol)

(mmol)

Size (nm)

Distribution
(±nm)

1.41

2.00

0.65

0.35

7.5

1.2

1.42

2.00

0.35

0.65

7.6

1.4

1.43

40

13

7

7.1

2.3

Table 1.3. Summary of compositional control for Fe-M-O and Fe-M-M’-O nanoparticle
synthesis using Fe(acac)3 as the iron precursor.
Desired nanoparticle

Metal precursor

Compositional control

Fe-Mn-O

Mn(acac)2

Yes

Co-Fe-O

Co(acac)2

Yes18

Fe-Pd-O

Pd(acac)2

Yes

Cu-Fe-O

Cu(acac)2

Yes
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Al-Fe-O

Al(acac)3

No

Fe-Mn-Zn

Mn(acac)2, Zn(acac)2

Yes

It is also important to note that since the particle size and shape may remain
unchanged over a wide composition range, this cannot be used solely along with bulk
analysis to ensure that the desired composition has been obtained across all the
nanoparticles in the sample, i.e., homogeneity is not guaranteed because the overall
composition is that desired. As such researchers should be cautioned in assuming uniform
composition.

Experimental Methods
Materials. Fe(acac)3 [97%], Fe(acac)2 [99.95%], Cu(acac)2, Al(acac)3, and
Zn(acac)2.x(H2O) hydrate, were obtained from Sigma Aldrich and used without further
purification. Pd(acac)2, and Mn(acac)2 were obtained from Alfa Aeser and used as
received.

Oleic

acid

[CH3(CH2)7CH=CH(CH2)7CO2H,

([CH3(CH2)7CH=CH(CH2)8NH2,

>70%],

90%],

oleylamine

1,2-hexadecanediol

[CH3(CH2)13CH(OH)CH2OH, HDD], benzyl ether (98%), and hexanes (mixture of
isomers) were all purchased from Aldrich and used as received. Ethanol (200 proof) from
Decon Laboratories Inc. was used as received.
Characterization. Size determination of the nanoparticles was achieved by small
angle X-ray scattering (SAXS) using a Rigaku SmartLab X-Ray diffractometer using a
Cu-K! radiation source. Samples were prepared by sealing a concentrated nanoparticle
solution in hexanes into a 1 mm “Glass Number 50 Capillary” tube (Hampton Research
Inc) and the data was resolved using Rigaku’s NANO-solver. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) measurements were obtained on a
Perkin Elmer Optima 4300DV. Samples were prepared by digesting 0.5 mL of
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concentrated nanoparticle solution in 9.5 mL of concentrated HNO3. 0.5 mL of the
digested solution was diluted into 9.5 mL of nanopure water. ICP standards were
obtained from inorganic adventures and diluted using nanopure water. The iron content
was accumulated first for each set of particles, then the additional metal concentration
was determined, to avoid complications arising from emission wavelength overlap
between the Fe and the additional metals. Scanning electron microscopy was carried out
on an FEI Quanta 400 ESEM. Energy dispersive X-ray (EDX) analysis was performed
using the EDS detector in a FEI Quanta 400 Scanning Electron Microscope. Samples
were drop coated onto a silicon wafer.

Nanoparticle synthesis. The methods for nanoparticle synthesis are based on
previously reported methods.12,17,18 In brief, the protocol is as follows: to a 100 mL 3
neck round-bottomed flask was added the appropriate metal acetylacetonates (0.75
mmol), 1,2-hexadecanediol (0.3877 g, 1.5 mmol), oleic acid (0.951 mL, 3.0 mmol),
oleylamine (0.987 mL, 3.0 mmol), and benzyl ether (37.5 mL, 193.5 mmol). The mixture
was brought to reflux for 15 minutes then allowed cool to room temperature. The
particles solution precipitated in EtOH. The solution was then centrifuged for 5 min at
4400 rpm. The supernatant was discarded and the pellet made soluble in hexanes (ca. 10
mL) using light bath sonication to ensure complete solubility.
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Chapter 2

Single walled carbon nanotube growth and chirality dependence on
catalyst composition

Portions of this chapter are included in A. W. Orbaek, A. C. Owens, C. C. Crouse, C. L.
Pint, R. H. Hauge, and A. R. Barron, Nanoscale, 2013, 5, 9848. A reprint can be found in
Appendix 10. A full publication list can be found in Appendix 1.

Introduction
The growth of carbon nanotubes (CNTs) in general and single walled carbon
nanotubes (SWNTs) in particular is most commonly achieved from a carbon source
(usually hydrocarbon) using a catalyst.1,2 Unfortunately, this synthetic route produces
samples comprising of a mixture of different chiralities.3 Since many of the future
applications for SWNTs will require individual chirality tubes being used, there has been
increasing effort towards separation of the myriad of different structures. Initial
separation protocols concentrated in just separating metallic (conducting) and
semiconductor tubes.4 More recently, there has been success in separating SWNTs
according to their diameter.5,6 The ultimate goal is the isolation of individual chiralities
(as measured by their n,m value), and initial efforts have focused on the use of DNA as a
specific complexing agent.7,8 However, at best separation is performed on a much smaller
scale compared to growth, which can now be performed on a large scale.1,9 As an
alternative to separation, it would be desirable to enable the preferential synthesis of
particular SWNT structures; several methods have been reported, including: the fusing of
C60 trapped within a large nanotube,10 the addition of nitrogen during growth of multi
walled carbon nanotubes (MWNTs),11 and most elegantly, the stepwise organic
synthesis.12 While more recent efforts have focused on the use of seeds for subsequent
growth,13,14 there has been one off report of the growth of a specific type of SWNT
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through the reaction conditions,15 while the use of a Co-supported catalyst has been
reported to produce a narrow (n,m) distribution.16 Finally, we have reported that
preformed SWNTs can be elongated by the attachment of a catalyst and subsequent
growth (amplification); however, in order for particular chiralities to be produced suitable
seeds need to be seperated.17-20
SWNTs have been grown using various metals, including: Fe,21-23 Co,24 Mn,25
Cu,26 and Ni.27 The use of mixed metal catalysts has also been explored trying to expand
the range of catalysts.28 It would be desirable if a specific catalyst could be used to grow
either a specific chirality and or a minimum range of chiralities that could be more easily
separated. There has been theoretical work that suggests that it should be possible to
grow a particular chirality (or group of chiralities) from a catalyst;29 however, this has not
yet been reduced to experimental practice. Although some selectivity has been observed
with

designed

catalysts,30

the

effects

of

various

catalyst

compositions

on

chirality/diameter control have not been investigated. As part of our study in this area, we
have employed Raman spectroscopy to determine the presence of particular SWNT
chiralities for samples grown from various catalysts. For simplicity we have employed
iron oxide nanoparticles (Fe-O NPs) as the base pro-catalyst, and prepared a range of
doped nanoparticles (M-Fe-O NPs).31,32 We have previously reported the use of Co-Fe-O
nanoparticles as pro-catalysts,32 while Cu-Fe nanoparticles have also been used.33 Our
studies using Mn, Co, Ni, and Cu-doped Fe oxide nanoparticles are reported herein as a
comparison of the effects of the first row transition metals.

Results and Discussion
Since iron catalyst nanoparticles (formed by the in-situ reduction of iron oxide
nanoparticles) are commonly used for SWNT growth we have chosen iron as the base
catalyst. In determining the effect of the catalyst composition, we have chosen to study a
series of bimetallic iron-based catalysts incorporating manganese, cobalt, nickel and
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copper. The choice of the cobalt and nickel was based upon our prior work comparing the
effect of these metals on the growth rate and growth yield for SWNTs.19 The addition of
manganese and copper also allows for the comparison of metals across the first row
transition series.
For simplicity, and given vagaries of the metal oxidation states, the different
compositions have been assigned the acronym of M-Fe-O for the oxide nanoparticle procatalyst, and M-Fe for the reduced catalyst particle. In each case M denotes the dopant
metal. For each of the dopant metals two concentrations were investigated to determine
the effect of both the metal type and the concentration. One sample was chosen with a
low concentration (<10%) of the second metal, the second sample has a much higher
concentration of the second metal (ca. 30%). For simplicity, these pro-catalyst samples
are given the abbreviation l-M-Fe-O and h-M-Fe-O, respectively, while the resulting
catalyst, after reduction using atomic hydrogen, are defined as l-M-Fe and h-M-Fe.
In a comparison of the effects of catalyst composition it is important to attempt
divorce any chemical properties (composition) from those of the particle size of the
nanoparticle pro-catalyst and the subsequent catalyst. With regard to changes in particle
size as a function of dopant level (i.e., l-M-Fe-O versus h-M-Fe-O) we have previously
shown that for Mn-Fe-O and Co-Fe-O there is no significant variation with
composition.34 In the case of Cu-Fe-O an increase in particle size is observed above a
Cu:Fe ratio of 2 (i.e., 60% Cu), but since the Cu:Fe ratio for h-Cu-Fe-O (0.31 = 24% Cu)
is significantly lower, this is not an issue. Nanoparticle size can play an important role
with respect to the lengths of nanotubes that are produced, whereby smaller nanoparticle
catalysts have been found to grow longer SWNTs than larger diameter catalysts under
identical conditions.35
As may be seen from Figure 2.1 the average sizes of the various pro-catalyst
nanoparticles vary between 5 and 8 nm; however, the range is within the particle size
distribution. Furthermore, we have previously shown that there is no variation in the
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diameters of SWNTs grown from iron oxide nanoparticle catalysts over the range of 2 – 9
nm.23 In addition, as it is generally assumed that the metal oxide pro-catalyst particle is
reduced in-situ to form a metal catalyst particle, then the size of the particles is reduced to
approximately 1/3 of the original volume. Thus, upon reduction the differences in size of
the pro-catalyst particles are reduced further. We propose that for the present study the
small variation in the nanoparticle pro-catalyst size should not critically impact
differences in the diameter of SWNTs grown.

Figure 2.1. Plot of particle size, and distribution, as determined by SAXS for the various
pro-catalyst compositions.

Formation of the vertically aligned single walled carbon nanotubes (VA-SWNTs)
occurs from tightly packed layers of nanoparticle catalysts across the substrate (see
Experimental). Nanotube growth was preferred in a vertical arrangement to avoid direct
interactions between the tubes and the substrate that would alter or hinder the rate of
growth of the nanotubes. Vertical growth also gives a high density of nanotubes. From
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our preliminary studies it was evident that a certain critical density of nanoparticle procatalyst is required in order for the growth of carpets to be achieved.20 Below this critical
surface coverage only certain portions of the substrate acquire vertically aligned pillars,
or none at all, in which case horizontal growth along the surface occurs instead. Figure
2.2 shows an SEM image of a typical VA-SWNT, while Figure 2.3 shows a high
resolution TEM image confirming the presence of SWNTs.

SWNT length as a function of catalyst composition. The maximum length of
SWNTs grown (as measured from SEM, see Figure 2.4) for each catalyst composition is
shown in Figure 2.5 along with the values for the relative height (RH) as compared to the
Fe catalyst. As may be seen, with the exception of the l-Cu-Fe catalyst (vide infra), the
addition of a hetero-metal decreases the length of the SWNTs grown. In the case of both
Mn-Fe and Ni-Fe increasing the dopant metal results in a greater decrease in the activity
of the catalyst, e.g., h-Ni-Fe (RH = 0.14) < l-Ni-Fe (RH = 0.54) < Fe. In contrast, while the
addition of 3% Co decreases the maximum SWNT length (RH = 0.52), a ten-fold increase
in Co results in only a slight decrease in activity (RH = 0.46). This variation is in line with
our previous results for the activity of Co-Fe catalysts.19
As noted above, the interesting exception to decreasing the catalyst activity with
addition of the hetero-metal is the l-Cu-Fe catalyst. Here a slight increase in maximum
activity (SWNT length) is observed. However, while this represents only a small fraction
of the total SWNTs grown it does suggest that increased activity is possible through
doping (with Cu, at least!).
It has been previously proposed that catalyst nanoparticle size can play an
important role with respect to the lengths of nanotubes that are produced, whereby
smaller nanoparticle catalysts have been found to grow longer SWNTs than larger
diameter catalysts under identical conditions.35 As may be seen from Figure 2.6 there is
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Figure 2.2. Typical SEM image of forest height achieved from using Fe-O pro-catalyst
nanoparticles.

Figure 2.3. HRTEM images of SWNTs produced from Fe-O pro-catalyst nanoparticles.
Inset showing high magnification of region where multiple SWNTs are bundled.
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Figure 2.4. SEM images of SWNT growth from iron oxide and l-Cu-Fe nanoparticle
catalysts. Vertical pillars from VA-CNT are seen lying flat on the surface and their
respective lengths are measured accordingly.

Figure 2.5. Plot of maximum SWNT length as a function of catalyst composition. The
values for the relative height (RH) as compared to the Fe catalyst are given at top of the
column.
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no well defined correlation between the smallest particle size and the longest tube grown;
however, there does appear to be a trend in the direction proposed.35 We can assume that
any deviation from the relationship proposed previously is due to different activities due
to composition rather than particle size.

Figure 2.6. Plot of maximum SWNT length as a function of the lower catalyst size.

While the longest tubes grown are an indication of the highest activity of some
subset of catalysts present in the sample, it is worth comparing the length ranges formed.
Figure 2.7 shows the relative frequency of the length of nanotubes within each sample
(actually measured for multiple regions on each sample and for multiple growth runs) for
each of the catalyst system studied. If we initially consider the Fe catalyst we can see that
the majority of the SWNTs produced are between 20 – 30 µm in length. However, there
is a small fraction outside this range. Given that all the Fe catalysts should have the same
composition, any variation in SWNT length can be attributed to either variations in
nanoparticle sizes,35 or changes in the size of the nanoparticles during processing, e.g.,
through Ostwald ripening.36 It is interesting to note that the shape of the SAXS analysis

52

for the Fe-O pro-catalyst nanoparticles is similar to the observed distribution of SWNT
lengths. This observation supports the hypothesis of Cervantes-Sodi et al.35 However, this
relationship does not appear to hold true for the mixed metal catalysts.

Figure 2.7. The relative frequency of the length of nanotubes grown from various
catalyst compositions (see Table 2.1).

53

Doping the Fe catalyst with Mn (i.e., l-Mn-Fe) results in a shift in the distribution
to shorter lengths (Figure 2.7), while increasing the Mn concentration (h-Mn-Fe) further
reduces the lengths grown and significantly narrows the distribution. A comparison with
Figure 2.1 shows that the pro-catalyst size and size distribution for Fe-O and l-Mn-Fe are
almost identical. In addition, the shrinkage observed during reduction for a Fe3O4 particle
and one comprising of Fe3O4/Mn3O4 will also be similar.37 Thus, the observed difference
in nanotube length (catalyst activity) must be due to the chemical composition of the
catalyst rather than any physical attribute. Despite the shift in the lengths observed upon
doping with Mn, the distribution remains relatively narrow. We have previously shown
that Mn-Fe-O nanoparticles are uniform in composition, i.e., the Mn:Fe ratio remains
relatively constant in each nanoparticle across the whole sample.34 Thus, it appears that
doping an Fe catalyst particle with Mn decreases its activity as a catalyst, and the greater
the Mn concentration the lower the activity. A similar observation can be made with
regard to the Ni-doped catalysts (see Figure 2.7). In both cases the doping metal is known
to be a good catalyst in itself.25,27
It has been proposed that catalytic activity of transition metals for a given reaction
often displays a “volcano-shaped pattern across the periodic table”.38,39 In the case of
SWNT growth this is related to a balance between carbon solubility, propensity to form
stable carbides and adsorption energy, which are dependent on the degree of filling of the
d-band.40 The Fe, Mn-Fe, and Ni-Fe catalysts would indeed appear to follow this trend.
However, by the same rationale Co-Fe catalysts would be expected to yield results
between Fe and Ni-Fe, while Cu-Fe would be expected to be the worse catalyst. But as
may be seen from Figure 2.7, both Co-Fe and Cu-Fe result in a broad distribution of
SWNT lengths associated with a wide range of catalyst activities. Clearly, other factors
are involved in defining the catalyst activity than simply the degree of filling of the dband. In their review article Jourdain and Bichara have discussed a number of factors that
control the activity of nanoparticulate metal catalysts, including: carbon solubility,
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formation of carbides, carbon diffusion, and interactions with the support.41 We would
add that in the case of mixed metal catalysts, these factors can be exacerbated by issues
of particle uniformity (is the composition of each nanoparticle the same) and also
miscibility of the metals. Interestingly, of the mixed catalyst systems, Fe-Co and Fe-Cu
have both been reported to result in the highly-selective synthesis of SWNTs of large
chiral angles,42,43 and in our study both have similar ranges of catalyst activity.
Possibly the most interesting result is that a small portion of the l-Cu-Fe catalysts
show higher activity than pure Fe (see Figure 2.6 and 2.7). It is known that Cu/Fe
systems will often segregate.44 So this begs the question, do we see such disparity in
SWNT length due to the formation of both distinct Fe- and Cu-rich nanoparticle
catalysts?

SWNT purity as a function of catalyst composition. The D (disorder) peak is
associated with symmetry breaking effects caused by the tubular nature of the nanotubes.
Contributions to the D peak include further symmetry lowering caused by defects in the
nanotubes, end caps, shortened tubes, and vacancies along the nanotube. While a narrow
D peak is indicative of a pure sample of SWNTs, and conversely a broad peak that of an
impure sample, the intensity of the D peak can also be significantly affected by resonance
between nanotubes and energy of the incident laser (Elaser) used to acquire the data, with
the added caveat that metallic nanotubes have also been known to increase the D peak
intensity.45 Further, the D peak position can also fluctuate according to both nanotube
chirality and nanotube diameter. A normal D peak is centered on 135 cm-1, but can blue
shift for tubes with higher populations of semiconducting tubes or for tubes with smaller
diameters: metallic tubes, or tubes with greater diameters, result in a red shift. Thus, it is
desirable to determine the D:G ratio at a range of incident frequencies.
Figure 2.8 shows the Raman spectra for VA-SWNTs grown from Fe-O procatalyst nanoparticles. Due to splitting of the G peak between the transverse and
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longitudinal mode and the difference in line shape shown by a sample of metallic
nanotubes versus that of semiconducting nanotubes it was possible to make a quick scan
for the presence of metallic nanotubes. Unfortunately the majority of G peaks were either
centered around 1592 cm-1 and either exhibited no splitting or instead exhibited splitting
of the G- peak. The sample with most G peaks resembling that for a semi conducting
nanotube sample was that of Ni. Essentially there were no peaks found at 1550 cm-1 as
would be expected for the G- peak coming from a metallic nanotube. The G peaks
acquired using 514 nm (Figure 2.8a) typically showed one G peak centered at 1592 cm-1
with some peaks showing a slight shoulder appearing at approximately 1580 cm-1.

Figure 2.8. Raman spectra collected at (a) 514, (b) 633, and (c) 785 nm for VA-SWNTs
grown using Fe-O nanoparticle pro-catalysts.
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However the data acquired using both the 633 and 785 nm lasers (Figure 2.8b and
2.8c, respectively) showed many examples of G peak splitting, with the G+ peak around
1592 cm-1 with a G- peak forming around 1580 cm-1, suggesting that if there were metallic
nanotubes present, they were not in great supply.
D:G ratios are often used as an indicator for the degree of defects/imperfections
along the sidewall of a nanotube, as it deviates from a typical sp2 (G peak) to sp3 (D
peak). Large values for D:G ratio indicate lots of sp3 carbon that can arise from sidewall
functionalization, or defects in the nanotube structure such as kinks or holes. As such the
D:G ratio is used as a measure of the quality of the nanotube products. Lower values
indicate higher quality materials, that which have little or no defects, kinks, or other
symmetry-breaking defects along the wall. Figure 2.9 shows the measured D:G values for
each sample at three wavelengths (514, 633, and 785 nm); they are plotted with their
respective minimum and maximum values. Each sample was measured in multiple areas,
and over multiple runs.
From Figure 2.9 we note that the order for the samples listed according to lowest
D:G value, or those samples with the highest order of nanotube purity is dependent on the
Raman wavelength, i.e., l-Co-Fe ! Fe ! l-Ni-Fe ! h-Cu-Fe " l-Cu-Fe ! h-Mn-Fe ! l-MnFe < h-Co-Fe < h-Ni-Fe (514 nm); h-Mn-Fe < h-Cu-Fe " l-Cu-Fe " l-Co-Fe ! l-Ni-Fe !
Fe < h-Co-Fe ! l-Mn-Fe < h-Ni-Fe (633 nm); h-Mn-Fe < l-Ni-Fe ! Fe " l-Co-Fe " l-CuFe < h-Cu-Fe ! h-Ni-Fe < l-Mn-Fe < h-Co-Fe (785 nm). At 633 and 785 nm the lowest
D:G values, and hence, the best quality SWNTs were found using h-Mn-Fe catalyst
(Figure 2.9). But there is also a large variance for this sample as evidenced from the wide
range in minimum and maximum values. The variation of the D:G ratio across the sample
is potentially due to the orientation of the VA-SWNT with respect to the incident laser
beam, while the variation in D:G ratio between different catalyst compositions suggests
that the relative amount of different chiralities is dependent on the composition of the
catalyst.
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Figure 2.9. Relative intensities of the D/G peaks from Raman spectroscopy acquired
using 514 nm ( ), 633 nm ( ), and 785 nm ( ) laser wavelength; plotted on the Y-axis.
The average ID/IG value for each catalyst was calculated. Error bars on the Y-axis indicate
minimum and maximum values obtained for each sample.

SWNT chirality as a function of catalyst composition. Prior to detailed analysis
of the various VA-SWNTs grown from the catalyst, it is important to confirm that any
particular catalyst composition grows a consistent distribution of SWNT diameters. Thus,
multiple sample runs and areas for the iron catalyst (from the Fe-O nanoparticle procatalyst) were used as a control. As may be seen from Figure 2.10, the raw Raman data at
a particular wavelength (633 nm) for VA-SWNTs prepared from the Fe catalyst show the
same peaks (associated with specific tubes) albeit with some variation of intensity.
However, it is important to note that irrespective of Raman frequency an iron catalyst
sample appears to make tubes of a consistent mixture based on the presence of matching
peaks regardless of the sample.
As described in the Experimental Methods, the Raman spectra for all the samples
were peak fitted using Origin, and the area under each peak recorded according to the
peak wavelength. Once peak positions were found they are all normalized to the tallest
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peak, and can then be compared to data results from the same data set. All results from
the same data set are collated, and once again the peaks are normalized to the tallest peak.
The objective of the first normalization is to remove differences in peak intensity that
could occur as a result of experimental factors, such as proper alignment of the laser
beam. In short, this is done so that all data from a particular nanoparticle type is added
together. The second normalization is carried out such that the collated data can then be
compared with that of other metal types and laser lines; in this way three plots can be
made that show the differences for all spectra accrued at each wavelength of 514, 633,
and 785 nm (see Figure 2.11 - 2.13). As a check of the data manipulation the spectra for
the Fe catalyzed grown VA-SWNTs (Figure 2.10) were subjected to the same processes.
The resultant plots (shown as the lines in Figure 2.10) shows that the type of SWNTs
produced for a particular catalyst composition is constant, irrespective of the batch and
sample analysis area. There is a variation in the relative intensity in the composition of
some SWNT diameters, but this shows that any change in the identity of SWNTs
produced is not a variable of experimental run or sample area, but due to the chemical
composition of the catalyst (M-Fe) formed from the particular pro-catalyst (M-Fe-O).
For the Raman spectra from M-Fe-O pro-catalysts, the peaks were then colorcoded to highlight differences between catalysts. The data for Fe (the control) and the
high and low concentrations for one metal at one excitation energy were considered one
at a time, with the process repeated for all samples. Peaks in the metal data that also
appear in the Fe data were colored blue. Peaks that appear in both concentrations of the
metal but not in Fe were colored green. Peaks that are unique to the specific
concentration of the metal did not appear in the original Fe data were colored red. The
possible tube diameters were calculated using Eq. 2.1.46

SWNTdiam = 227 / !RBM (cm-1)

(2.1)
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We note that the RBM peaks have been known to shift due to environmental
effects47 that can be caused by dopants, intercalation of materials, or bundling of
nanotubes. However, as these nanotube samples are treated in identical fashion then the
shift associated with environmental effects should be the same for all samples, and so
differences between samples is based upon chemical, not environmental differences.
Because of the 303 cm-1 peak that is attributed to the Si substrate, some of the graphs had
to be normalized to the highest peaks from data attributable to nanotubes as opposed to
the Si substrate. When the peak that is located at 303 cm-1 was the highest then the data
was normalized to peaks that were next highest in intensity. The data that had to be
corrected for this are the following: @785 nm: Fe, l-Mn-Fe, h-Mn-Fe, h-Co-Fe, h-Ni-Fe,
l-Cu-Fe, and h-Cu-Fe; @ 633 nm: h-Ni-Fe.

Figure 2.10. Example of Raman spectra as acquired from VA-SWNT samples that were
grown using Fe-O nanoparticle pro-catalyst, acquired using 633 nm laser line.
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Figure 2.11. Collected and normalized Raman data for all growth runs acquired using the
514 nm laser line.
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Figure 2.12. Collected and normalized Raman data for all growth runs acquired using the
633 nm laser line.
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Figure 2.13. Collected and normalized Raman data for all growth runs acquired using the
785 nm laser line.
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Figure 2.14-2.16 show the Raman results for the VA-SWNTs grown from Fe-O,
l-Mn-Fe-O and h-Mn-Fe-O pro-catalysts. For the spectra collected at 514 nm the addition
of small amounts of Mn (i.e., l-Mn-Fe-O) gives the same diameter range 1.18-2.3 nm
(Figure 2.14a versus 2.14b); however, there are several new SWNT peaks observed
within that range. In addition, there is also the appearance of some smaller diameter
SWNTs. These smaller diameters (0.74-0.91 nm) are further increased for h-Mn-Fe-O,
and some of the new SWNTs observed for l-Mn-Fe-O show increased intensity. A similar
trend is observed for the spectra collected at 633 nm (Figure 2.15). The use of

Figure 2.14. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Mn-Fe-O, and (c)
h-Mn-Fe-O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46

64

l-Mn-Fe-O shows additional smaller diameter SWNTs, as well as new chiralities in the
1.01-1.30 nm range. At the higher Mn concentration more different SWNTs not observed
for Fe or l-Mn-Fe are seen, and there is a significant change in relative intensity of the
SWNT diameters originally observed for Fe-O. Finally, the spectra collected at 785 nm
shows new chiralities are formed with l-Mn-Fe-O (Figure 2.16), in particular for h-MnFe-O there is an overall shift to smaller diameter SWNTs (Figure 2.16c).
Overall, the addition of Mn to the Fe-O pro-catalyst results in an increased
number of smaller diameter tubes; increasing the Mn content increases the fraction of

Figure 2.15. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Mn-Fe-O, and (c)
h-Mn-Fe-O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46
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smaller diameter SWNTs. It is important to note that this effect cannot be due to the procatalyst size since of the three, h-Mn-Fe-O are the largest (see Figure 2.1). The other
trend observed is that many of the chiralities originally observed for growth using Fe-O
pro-catalyst are not observed for samples grown from h-Mn-Fe-O. Thus, the presence of
Mn has a significant effect on the relative ratios of particular chirality (diameter) SWNTs
that are grown.

Figure 2.16. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Mn-Fe-O, and (c)
h-Mn-Fe-O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46 Note that the peak at ~303 cm-1 is
assigned to the Si substrate, and for this reason the data was normalized to the highest
peak from the data that was from a nanotube.
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Figure 2.17-2.19 show the Raman results for the VA-SWNTs grown from Fe-O,
l-Co-Fe-O and h-Co-Fe-O pro-catalysts. As with the Mn-Fe-O pro-catalyst samples,
those grown from Co-Fe-O show an increase in the small diameter SWNTs. Again this
must be a function of the catalyst chemistry since the pro-catalyst nanoparticles are the
same size (Figure 2.1). However, a big difference between Co addition and the effects of
Mn is that the increased addition of Co (i.e., h-Co-Fe-O, see Figure 2.17c, 2.18c, and
2.19c) results in almost complete change in SWNTs produced. In other words, while the
h-Co-Fe-O diameter range is about the same as for Fe-O and h-Mn-Fe-O, almost none of

Figure 2.17. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Co-Fe-O, and (c)
h-Co-Fe-O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46

67

the chiralities produced by original Fe-O are retained.
Figure 2.20-2.21 show the Raman results for the VA-SWNTs grown from Fe-O,
l-Ni-Fe-O and h-Ni-Fe-O pro-catalysts. Unlike the Mn and Co systems, the addition of
low levels of N (i.e., l-Ni-Fe-O) does not result in many new peaks in the spectra
collected at 514 nm; however, the VA-SWNTs grown using h-Ni-Fe-O show almost none
of the tubes observed for Fe-O growth (Figure 2.20a versus 2.20c). Instead, no larger
diameter tubes are observed, and multiple types of small diameter tubes are formed. A
similar result is shown in the spectra collected at 633 and 785 nm (Figure 2.21 and 2.22).

Figure 2.18. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Co-Fe-O, and (c)
h-Co-Fe-O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46
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The addition of Ni to the Fe-based catalyst results in an almost complete change in the
observed SWNTs grown by the h-Ni-Fe catalyst as opposed to a pure Fe catalyst.
The addition of Cu to the catalyst in someway shows the smallest change in the
distribution and type of various SWNTs grown. As may be seen from Figure 2.23, the
growth from l-Cu-Fe-O pro-catalyst results in changes in relative intensity, but no
significant change in diameters except for a few smaller diameter tubes. Increasing the

Figure 2.19. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Co-Fe-O, and (c)
h-Co-Fe-O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46 Note that the peak at ~303 cm-1 is
assigned to the Si substrate, and for this reason the data was normalized to the highest
peak from the data that was from a nanotube.
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Cu concentration (i.e., h-Cu-Fe-O) also has little effect on the SWNT diameters. A
similar result is seen for data collected using 633 nm (Figure 2.24) and 785 nm (Figure
2.25). The particular chiralities may change (such that almost none of the chiralities
grown from Fe-O between 1.51-2.27 nm are retained), but the diameter ranges do not
change. Thus, while the addition of Cu has a significant effect on the chiralities grown, it
appears to have much less of an effect on the diameter distributions than Mn, Co, or Ni.

Figure 2.20. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Ni-Fe-O, and (c)
h-Ni-Fe-O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data that
exists in the Fe-O sample (a), green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46
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Conclusions
We propose our method of comparing RBM peak values from various samples as
a viable option to qualitatively/quantitatively determine the type of growth that is
occurring based on the metal catalyst composition. RBM peaks are unique to each
nanotube, and by noting changes in the RBM peak values that come from unique
nanotubes one can note changes within a large sample of material at the

Figure 2.21. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Ni-Fe-O, and (c)
h-Ni-Fe-O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46 Note that the peak at ~303 cm-1 is
assigned to the Si substrate, and for this reason the data was normalized to the highest
peak from the data that was from a nanotube.
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individual nanotube level using this large-scale ensemble technique. For a large-scale
technique like Raman spectroscopy the advantage lies in the ensemble collection of data,
coupled with the resonance conditions we know to be true of the RBM peaks, one can
also obtain data from individual and unique nanotubes.
Catalyst metals affect the nanotubes that are grown; we see this by noting the
RBM peaks appear and disappear in Raman spectra as the composition of the catalyst is

Figure 2.22. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Ni-Fe-O, and (c)
h-Ni-Fe-O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46 Note that the peak at ~303 cm-1 is
assigned to the Si substrate, and for this reason the data was normalized to the highest
peak from the data that was from a nanotube.
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changed. We have shown that catalyst metals affect nanotube growth, and we hope to
refine this understanding to achieve a metal particle that would create one single
nanotube type by prescription.
In summary we have found that for pro-catalyst nanoparticles that are 10 nm or
less in diameter it is in fact the chemistry of the catalyst that determines the diameter and
chirality of the nanotube. While the present work do not show any specific ability for a
catalyst to grow single chirality SWNTs, our results suggest that catalyst design is indeed
important in controlling the exact mixture of SWNTs produced.

Figure 2.23. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Cu-Fe-O, and (c)
h-Cu-Fe-O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46
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Experimental Methods
Materials. Fe(acac)3, Ni(acac)2, Cu(acac)2, were purchased from Sigma-Aldrich
and used as received. Co(acac)2, Mn(acac)2 were purchased from Alfa Aeser and used as
received. Oleic acid [90%], oleylamine [>70%], 1,2-hexadecanediol [90%], benzyl ether
[98%], and hexanes (mixture of isomers) were all purchased from Sigma-Aldrich and
used as received. Ethanol (200 proof) from Decon Laboratories Inc. was used as received.

Figure 2.24. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Cu-Fe-O, and (c)
h-Cu-Fe-O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46
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Characterization. Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) measurements were acquired using a Perkin Elmer Optima 4300DV.
Preparation of samples was achieved by digesting 0.5 mL concentrated nanoparticle
solution with concentrated HNO3 (9.5 mL). Then 0.5 mL of the digested solution was
diluted into 9.5 mL of nanopure water. ICP standards used as calibration were obtained

Figure 2.25. Raman results for VA-SWNT grown from (a) Fe-O, (b) l-Cu-Fe-O, and (c)
h-Cu-Fe-O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data that
exists in the Fe-O sample, green peaks appear in both concentrations of sample with a
second metal, and red peaks correspond to peaks that are unique to the concentration of
metal. Diameters calculated based on Eq. 2.1.46 Note that the peak at ~303 cm-1 is
assigned to the Si substrate, and for this reason the data was normalized to the highest
peak from the data that was from a nanotube.
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from Inorganic Ventures. Emission wavelength overlap was avoided by determining Fe
content individually. Size determination of the nanoparticles was achieved by small angle
X-ray scattering (SAXS) using a Rigaku SmartLab X-Ray diffractometer using a Cu-K!
radiation source. Samples were prepared by sealing 1 mm “Glass Number 50 Capillary”
tube (Hampton Research Inc) with concentrated nanoparticle solutions in hexanes and the
data was resolved using Rigaku’s NANO-solver.
Scanning electron microscopy was carried out using an FEI Quanta 400 SEM.
Samples were affixed to alumina SEM stubs using double-sided carbon tape. A typical
operating condition was 30 kV incident voltage, HiVac mode, working distance of 10
mm, using a spot size 3, and an aperture of 5.
Transmission electron microscopy was carried out in a JEOL 2100 Field Emission
Gun Transmission Electron Microscope (JEM 2100F TEM), operating at 200 kV,
condenser aperture 2, spot size 2, alpha angle 3. Samples were placed atop copper grids
with a 400 mesh, ultra thin carbon layer (Ted Pella, Inc. part number 01824).
Nanoparticle samples were drop dried onto grids that were suspended using anti-capillary
tweezers (Ted Pella, Inc. product number 510-4). Nanotube samples were prepared by
brushing the TEM grid against the SWNT carpet.

Nanoparticle synthesis. Nanoparticle synthesis was carried out in an analogous
manner to that previously reported.32,34 Using a 100 mL 3 neck round-bottomed flask
metal acetylacetonate (0.75 mmol), 1,2-hexadecanediol (1.5 mmol), oleic acid (0.95 mL,
3 mmol), oleyl amine (0.98 mL, 3 mmol), and benzyl ether (37.5 mL) are stirred, then
brought to reflux for 15 minutes, then cooled to room temperature. The reaction is
precipitated in a polar solvent EtOH, and then centrifuged for 5 min at 4400 rpm. The
resulting pellet that precipitated was made soluble in hexanes (10 mL). Table 2.1
summarizes the various compositions used in the synthesis.
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VA-SWNT growth. Growth of the VA-SWNT was achieved using a nanoparticle
solution (ca. 1 mL) diluted in hexanes (ca. 15 mL), yielding a solution that is yellow in
color. It was added drop-wise to pieces (1 cm2) of an n-type silicon wafer with a 1 !m
layer of amorphous alumina. The sample was spin dried at 2000 rpm for a period of 40
seconds to form an even layer of nanoparticles across the substrate. The growth of
nanotubes was achieved using hot filament chemical vapor deposition (CVD) in a waterassisted, or “super-growth” method.48 The sample undergoes rapid insertion into a preheated furnace (750 °C) held at 1.4 Torr under flow of H2 (400 sccm), H2O (2 sccm), and
C2H2 (2 sccm). Reduction of the metal oxide pro-catalyst occurs rapidly in the presence
of atomic hydrogen, produced by the hot filament (ca. 45 W power output) during the
first 30 seconds of exposure. The duration of growth is fixed at 15 minutes following
catalyst reduction.

Table 2.1. Summary of metal precursor composition for binary oxide nanoparticles.

Sample

Fe(acac)3

M(acac)x

1,2-HDD Oleic acid Oleyl amine % Fe

(mmol)

(mmol)

(mmol)

(mmol)

(mmol)

ICP-AES

l-Mn-Fe-O

0.5

0.25

1.5

3

3

91

h-Mn-Fe-O

0.225

0.525

1.5

3

3

63

Fe-O

0.75

0

1.5

3

3

100

l-Co-Fe-O

0.7125

0.0375

1.5

3

3

97

h-Co-Fe-O

0.5

0.25

1.5

3

3

67

l-Ni-Fe-O

0.7125

0.0375

1.5

3

3

94

h-Ni-Fe-O

0.5

0.25

1.5

3

3

69

l-Cu-Fe-O

0.5

0.25

1.5

3

3

98

h-Cu-Fe-O

0.45

0.3

1.5

3

3
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Raman characterization of VA-SWNTs. Raman was carried out on a Renishaw
inVia Raman Microscope using three laser lines for characterization; these were 514 nm
(2.41 eV), 633 nm (1.96 eV), and 785 nm (1.58 eV). To maximize the Raman signal a
continuous scan was carried out of the G peak (~1600 cm-1), while the focus of the beam
was altered to maximize the G peak intensity. When the maximal intensity was found,
data was acquired using an integration of 10 accumulations at a power of 10%, with
cosmic ray background removal applied. Each sample was probed a number of times
(ranging from 5 – 10 locations per sample) at a variety of locations, to acquire data that
represented the entirety of the sample. Raman data was acquired for a range of
wavenumbers ranging from 100 - 3300 cm-1.
For each sample, Raman spectroscopy data for wavenumber between 100 and 350
cm-1 were plotted using OriginPro 8.1, see Figure 2.26 – 2.26f. The Peak Analyzer
function was used to fit peaks to the data so as to determine the area under each peak. To
begin, a user-defined baseline was chosen, with linear interpolation between points,
(Figure 2.26b) and subtracted from the data (Figure 2.26c). Peaks were then manually
identified and selected (Figure 2.26d), and the program used to perform a fit (Figure 2.26
e). Though the peak occurring at ca. 305 cm-1 (±2 cm-1) is most likely the result of the Si
substrate and not a CNT,45 it is included in the fit. Lorentzian peak functions were used
with the peaks, under the following constraints: width between 2 and 15 wavenumbers,
area greater than 0; and the center location fixed. The function was fit to convergence
(max. 100 iterations, tolerance 0.05); the program returned the peak index, the
wavenumber of the centre location, and the area under the peak, as well as reduced Chisquare and adjusted R-square value for the fit. This procedure was repeated for over 200
data sets.
Once peak locations and areas were determined for each sample (Figure 2.26f),
data corresponding to each metal and concentration were compiled into one spread-sheet.
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Figure 2.26. Protocol used to fit Raman data starting with raw data (a) the baseline is
first determined (b), and then subtracted (c). The peaks are then identified (d) and the
area under the peaks obtained (e). The data is exported for further use (f) such that the
peaks for each set of raw data are determined and the respective volume under each peak
determined. The volume under the peak is then used to graph a final plot of the peak
position versus peak volume.
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To do this each data set was first normalized to the highest peak value, with the exception
of the peak at ~303 cm-1 as this arose from the Si substrate and not a nanotube. All the
normalized data from the 785 nm laser line were corrected for the 303 cm-1 peaks, only
the data from the 785 nm laser had to be corrected for this. Either the silicon peak of 303
cm-1 has a higher coherence with the incident laser or the nanotubes have a much lower
resonance with the 785 nm in general. When the values are normalized for each Raman
data set it serves to normalize the data across all samples, to remove differences that
could occur due to experimental variation. Variation in the peak intensities can arise due
to de-focusing of the sample with respect to the optical focal plane of the incident laser.
By normalizing the raw data, variations in intensity are normalized across all samples.
The values were then normalized again to the highest peak and used for
comparison (Figure 2.11 – 2.13). In order to facilitate comparison across data sets, the
data were plotted in three stacked line graphs (one for each excitation energy, with each
layer representing a specific metal and concentration) displaying the area corresponding
to each wavenumber. An upper x-axis (Figure 2.14 – 2.25) was added to display the
approximate tube diameter (nm) based upon Eq. 2.1.46
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Chapter 3

Towards the armchair quantum wire; determining optimal rates of
SWNT nucleation and SWNT amplification

Portions of this chapter are published in A. W. Orbaek, A. C. Owens, and A. R. Barron,
Nano Lett., 2011, 11, 2871 and in the publication A. W. Orbaek, A. R. Barron, J. Exp.
Nanosci., 2013, DOI:10.1080/17458080.2013.794979. A copy of the published
manuscript is included in Appendix 5 and 9, respectively.

Introduction
Technologically we want to achieve a large-scale device that can compete with
currently used materials such as copper, aluminum, gold, silver, indium, and many others.
All these materials are used extensively in the electronics industry, for the sole purpose of
transporting electrons. The point being that many among these, with the exception of
Indium is in plenteous supply, to date. So to make nanotubes a tangible alternative they
must be available at such quantities for which they are required. Ultimately we need to
make lots of nanotubes, and as much understanding we can garner from learning to do
this, will help us to understand the issue of growth in narrow terms. Because for the most
part the energy considerations associated with nucleation can be largely ignored. As the
work relates itself to the amplification and etching of already nucleated nanotubes that
are active and attached to it’s associated catalyst. These nanotubes have already
undergone the process of nucleation so we look at the growth portion more closely. And
by comparison of metal types and operating conditions we can better understand the
growth mechanism in fuller detail. The ultimate goal is to make an Armchair Quantum
Wire, composed of specific and selected nanotube species in appropriate proportions and
quantities. What better way to expand a nanotube family than using a nanotube as a seed

85

for further growth and expansion. Where specific nanotubes are cloned and amassed for
further use.
Cloning can occur by various approaches, the idea being that a nanotube acts as a
seed for further growth. This relies on the idea that the nanotube that comes from the seed
is identical to that seed, or can at least be controlled from that seed. Nanotube seeds can
be acquired through a number of routes. For example a batch of nanotubes are purified
for metal type or semi-conductor type nanotubes, by a process such as DGU, then the
metal nanotubes are used as seeds. Alternatively, Buckyball’s can be split by oxidation
process into smaller cage like structures that act as templates for further growth. Where
the nanotube amplification is said to occur via an open-ended growth model, that
undergoes a very different growth mechanism from that of the VLS model, because the
carbon does not pass through a metal catalyst, it proceeds from a vapor phase, straight to
a solid phase.
Regardless of which technique is used to create the nanotube, when amplification
is concerned, or cloning, the question still remains: “is the cloned nanotube the same
chirality as the seed nanotube, or does some intra-molecular junction form?”. This is a
highly debated topic, and for the moment there is little evidence for either camp, but it
may seem that temperature difference can cause nanotube diameters to change, therefore
inducing the presence of an intermolecular junction (IMJ).

Results and Discussion
The growth of single walled carbon nanotubes (SWNTs) from a hydrocarbon
source in the presence of a metal nanoparticle catalyst has been extensively studied. The
majority of research has been concentrated on iron catalysts, formed from the reduction
of preformed iron oxide nanoparticles1 or the in-situ formation of nanoparticles from iron
salts or iron compounds.2 In an effort to create better catalysts studies have extended to
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cobalt,3 and nickel4,5 containing pro-catalysts (precursor to the actual metallic catalyst
particle), as well as bi-metallic2,6 and ternary phase metallic derivatives.7
For any particular catalyst composition there are four distinct stages that may be
considered in the successful growth of a carbon nanotube. First, there is the activation of
the pro-catalyst to form a reactive catalyst. This ordinarily involves the chemical
(hydrogen) reduction of the oxide pro-catalyst to the metallic state. This reaction provides
a particle onto which the hydrocarbon precursor can decompose. The generation of
sufficient carbon leads to the second step, which involves the nucleation of a carbon
nanotube. At this point, once nucleation occurs, the further addition of carbon results in
SWNT growth, the third step. The final possible phase involves the death of the catalyst
through contamination,8 Ostwald ripening,9 etc. The need to ensure that steps 1 to 3 occur
for the maximum number of catalyst particles is nowhere more important than for our
concept of SWNT amplification10,11: the process wherein a pro-catalyst particle is
attached to a specific chirality SWNT12,13 then exposed to growth conditions that extend
the length (and hence quantity) of that particular SWNT.
We have previously reported the preference for those steps, 1 through 3, as a
function of catalyst composition.2 For example, under identical growth conditions
(temperature, pressure, and feedstock composition) cobalt catalysts show a greater
propensity for nucleation (i.e., more SWNT per catalyst particles) than the iron analogue,
but show slower growth rates (i.e., shorter SWNTs). A consideration of this result with
literature data shows that comparisons of different catalysts tend to be studied under
substantially similar conditions. As such this observation begs the question as to whether
it is actually valid to compare different catalysts under the same reaction conditions?
After all, the relative efficacy14 of each catalyst towards activation, through a reduction
step, and then SWNT growth, is unlikely to be the same for all metals or catalyst types.
Given this issue, is there a simple method to generate an optimum activation map for
SWNT growth from metal nanoparticle catalysts?
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We have previously shown that the use of metal salt (or metal oxide nanoparticle)
doped Spin-on Glass thin films provides a suitable substrate and catalyst concentration
for the quantitative growth of SWNTs.2 Mixtures of appropriate metal precursor salts are
prepared with suitable concentrations and dissolved in a Spin-on Glass precursor
solution. We have shown2 that under thermolytic reduction of the metal salts results in the
in-situ formation of metal catalyst nanoparticles. Given that a minimal (critical) size for
the catalyst nanoparticle is required for nucleation of a SWNT, we are interested in
determining what is the critical concentration for the precursor salt. Furthermore, we are
interested in whether the identity of the substrate onto which the metal-doped Spin-on
Glass is placed effects SWNT growth.
We have reported that under the growth conditions studied only a fraction of the
pro-catalyst particles are active but subsequent (secondary) growth occurs if the sample is
reintroduced into the growth chamber after analysis.15 The goal of the present study is to
determine the optimum nucleation conditions for a particular catalyst composition as a
function of the feedstock composition, i.e., H2:CH4 ratio. We propose to use this method
to initiate a catalyst ‘map’ or activation landscape for quantifying SWNT growth. In our
previous work we have shown that for iron-cobalt mixed metal catalyst, with a H2:CH4
feedstock ratio of 50:50, and a reaction temperature of 900 °C, nucleation and growth is
dependent on the catalyst composition.2 Under these growth conditions a large number of
the catalysts are active for cobalt, such that re-introduction of the SWNT/catalyst sample
into the growth chamber does not result in significant number of secondary SWNT
growth. At the other end of the composition spectrum (pure iron) only a few of the
catalyst are active during each subsequent growth run. Thus, we have chosen Fe-Co
catalyst with a 50:50 composition, since this ratio should show sufficient initial growth to
provide a baseline, but also have sufficient catalysts that can be activated during
secondary growth runs. Thus the system allows for the ready optimization of reaction
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conditions to determine the percentage of nucleation and growth such that the percentage
of active catalysts can be increased.
During all growth runs the size of the nanoparticle catalysts was determined to be
of mean diameter = 5 nm (sigma 1.8 nm). The diameter of the as grown carbon nanotubes
was found to be between 1.5 and 3.5 nm. The nanoparticle surface coverage of (np/!m2)
and SWNT surface coverage (SWNT/!m2) were both found using AFM. Nanotube
lengths varied from several tens of nanometers to several hundreds of microns in length.
SWNT quantification per unit area was obtained from SEM images using ImageJ.17
To quantify the effect of catalyst precursor concentration samples of varying
metal concentration were prepared by successive dilution of a 5 mM standard metal salt
solution. These were incorporated into the Spin-on Glass solution (see Experimental) and
used for the growth of SWNTs at 900 °C for 30 minutes with a 50:50 H2 (225 sccm) and
CH4 (225 sccm) ratio.
Selected SEM images are shown in Figure 3.1, and a plot of the SWNT density as
a function of the metal salt precursor concentration is shown in Figure 3.2. As may be
seen from Figure 3.2, there is a concentration below which only a few SWNTs are
observed. This would suggest that below 2.5 mM there are not sufficient metal atoms per
unit volume to create a metal nanoparticle of sufficient size to act as a catalyst for the
nucleation of a SWNT when exposed to growth gas (H2 and CH4). Previously, it has been
suggested that for iron catalysts the critical number of metal atoms to create an active
catalyst is 55.18 Using a 1.65 mM concentration of metal in the Spin-on Glass solution
results in approximately 993 atoms per nm3 (i.e., ca. 2% by volume) of dried fired Spinon Glass. This would result in enough atoms to form multiple catalyst particles, but since
only minimal SWNT growth is observed at this concentration it suggest that diffusion of
the metal atoms through the silica (formed from the thermolysis of the Spin-on Glass) is
actually limited. Above the critical concentration (ca. 2.5 mM), which correlates to ca.
2% by volume, there is presumably a high enough localized concentration of metal atoms
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to create sufficient nanoparticles (of at least 55 atoms) to nucleate nanotube growth.
Above this concentration, the growth appears to be relatively uniform suggesting that
while additional nanoparticle clusters are formed per unit volume, the number of
nucleation events is not linearly related.

Figure 3.1. SEM images of SWNTs grown at 900 °C from a Fe-Co (50:50) catalyst, and
H2:CH4 of 50:50, with the following catalyst concentrations: a) 1 mM, b) 1.25 mM, c)
1.65, and d) 2.5 mM. Scale bar = 5 µm.

Additionally, we were interested in the effect that the substrate makes. While the
concept of the Spin-on Glass catalyst system is that the catalyst nanoparticles are formed
within the bulk and on the surface of the silica formed from the thermolysis of the metal
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doped Spin-on Glass, we were interested in determining if the substrate makes any
difference in the SWNT yield. In this regard, we prepared two different substrates. The
first involved the deposition of the metal-doped Spin-on Glass onto the native oxide of
the silicon wafer substrate (Figure 3.3a). For the second, a 100 !m layer of alumina was
deposited on the silicon wafer (Figure 3.3b). As may be seen from Figure 3.4 there is
essentially no difference between the SWNT yield suggesting that with a thick enough
film of Spin-on Glass derived silica no significant effect on SWNT growth according to
the substrate. This may be important for scaled production of SWNTs via surface growth
if the substrate can be recycled.
2.5
2.0
1.5
SWNT density
(SWNT/µm2)
1.0
0.5
0.0
1

2
3
4
Precursor concentration (mM)

5

Figure 3.2. Plot of the SWNT density (SWNT/µm2) as a function of the total metal salt
(Fe-Co) precursor concentration (mM).

Further, to this the effect of reagent composition was identified, for example the
SEM images in Figure 3.5 show a typical example of the results from the first and second
growth runs when using H2:CH4 50:50 at 900 °C. As may be seen from Figure 3.5b the
yield after the second growth (new SWNT nucleation) is such that additional catalyst
particles were active during the second growth but were dormant in the first growth run.
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M-doped Spin-on Glass

M-doped Spin-on Glass
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Figure 3.3. Schematic representation of the different substrates used for the metal doped
Spin-on Glass.

Figure 3.4. SEM images of SWNT growth (H2:CH4 of 50:50 at 900 °C) from metaldoped Spin-on Glass on (a) native silicon oxide and (b) alumina. Scale bar equal to 5 µm.

An AFM image of a sample after the first growth (Figure 3.6) show that in
addition to the SWNTs there are large numbers of nanoparticles forming from the metal
salts in-situ within the Spin-on Glass substrate. This suggests that the secondary growth is
not due to the formation of new nanoparticles (after the initial analysis) during the second
growth run. Thus, we propose that the nanoparticles are formed during the initial use of
the metal-doped Spin-on Glass. In addition, we propose that the new SWNTs formed
during the second growth runs, grow from some of these dormant nanoparticle procatalysts.
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Figure 3.5. SEM images of SWNT growth showing the results from (a) the first growth
and (b) the second growth run. Both were run under the conditions H2:CH4 of 50:50 at
900 °C. Scale bars equal to 2.5 µm.

Increasing the hydrocarbon concentration in the feed gas results in a higher
example as may be seen from Figure 7 in comparison to Figure 5, secondary growth with
a H2:CH4 ratio of 40:60 shows significantly more new SWNTs (i.e., new nucleation and
growth) despite the same number of pro-catalyst nanoparticles. However, once the
methane concentration is above 60% there is a decrease in the SWNT yield. This
observation is consistent with carbon poisoning of the catalyst16 through the formation of
a carbon crust. An alternative explanation is that there is insufficient hydrogen partial
pressure to reduce the metal oxide (formed by the exposure of the metal catalyst to the
atmosphere during interim analysis), in other words the pro-catalyst oxide is not
converted to the metal particle catalyst.
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Figure 3.6. AFM image of SWNT growth using Fe-Co catalyst (50:50) under the
conditions of H2:CH4 (50:50) at 900 °C. Scale bar equal to 2.5 µm.

From a comparison of the primary and the secondary growths, the relative nucleation and
growth efficiency can be quantified as a function of the feedstock composition (CH4:H2
ratio). The results of this study are shown in Figure 3.8. The yield of nucleated SWNTs is
defined as the ratio of the number of SWNTs after the second growth (using a defined
H2:CH4 ratio @ 900 °C) versus the number of SWNTs after the first growth (using 50:50
H2:CH4 ratio @ 900 °C) with both measured over the same exact area, i.e., Eq. 3.1.
Yield nucleated SWNTs = Number of SWNTs run #2
Number of SWNTs run #1

(Eq. 3.1)

The plot in Figure 3.8 suggests that there is actually a narrow range in which the
maximum numbers of pro-catalyst particles are activated, nucleate, and grow SWNTs. It
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is also interesting to note that the 40:60 H2:CH4 ratio is different from the 50:50 ratios
that appear to provide an optimum rate for pure cobalt catalysts.2

Figure 3.7. SEM images of SWNT growth showing results from (a) first growth using
H2:CH4 of 50:50, and (b) secondary growth from H2:CH4 of 40:60. Scale bar 2.5 µm.

Following on from this work15 we have found that amplification (increasing the
length of a pre-existing SWNT through catalytic growth) was best achieved under
conditions of 20:80 H2:CH4, which is sub optimum for nucleation of new SWNTs. Under
this condition amplification could be achieved for up to 90% of pre-existing SWNTs that
showed activity.15 However, attempts to maximize amplification by lengthening of the
consequent growth runs yielded results in a high number of newly nucleated SWNTs
(Figure 3.7). Even though the conditions were found to be optimal for amplification, a
great deal of SWNT nucleation had occurred too; which is undesirable when the goal is
to solely amplify the SWNTs, instead of nucleating new ones.
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Figure 3.8. Plot of the number of SWNTs grown (yield) from the second growth
(compared to the first growth) as a function of hydrocarbon content as defined by the
partial pressure of methane.

The implication of this result is that the comparison of different catalyst
compositions by growth under identical conditions is not justified or appropriate. This is
particularly evident from the difference in SWNT yield of a factor of almost 10 between
optimum, and offset conditions. Instead of a direct comparison others and we have
previously employed, we propose it is necessary to ‘map’ the activity (SWNT yield) for
each catalyst as a function of feedstock composition. This may also be necessary for
other parameters such as temperature,15 and pressure, and is undoubtedly true for
feedstock choice (e.g., CH4 versus C2H2). Only when a suitable activity map is generated
can the relative activity of different catalysts be compared. The advantage of the present
‘secondary-growth’ method is that is provides a quantitative comparison between new
conditions and standard conditions that can be easily replicated. We are presently
undertaking the mapping of a range of catalyst compositions under conditions of growth
at 900 °C with CH4/H2 to determine the optimum feedstock ratio a variety of catalyst
composition.
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Following from the study of SWNT nucleation such that an optimal density of
SWNTs is acquired I then studied the possibility of amplifying nanotube lengths,
specifically because nanotubes having armchair chirality are metallic in nature and can be
useful in electronic applications due to the potential for ballistic electron transport along
the tube axis.19 The potential of a wire with a current carrying capacity of 10-9 A/cm2 as
compared to the best material, copper, of 106 A/cm2 but without the associated weight,
thermal expansion, or thermal induced power loss has prompted the concept of the
armchair quantum wire (AQW) for the efficient energy distribution over large
(potentially global) distances.20 Unfortunately, while wires or fibers of SWNTs have
been successfully produced,21,22 this concept has a significant hurdle. Namely, irrespective
of the synthetic routes any sample of SWNTs contains a broad range of chiralities, of
which a low fraction (!8%) is of the desired conductive structure. Thus, if low cost,
efficient, energy transport is to be a reality it will be necessary to prepare samples
exclusively of armchair tubes. The most obvious approaches to this problem involve
either type specific growth or separation of types.
Although several theoretical studies have suggested that there is a potential
preference for armchair growth23,24 and while there have been reports of increased
percentage metallic growth,25 there is no repeatable protocol for growth of purely metallic
SWNTs. In contrast, separation by type can prepare armchair enriched samples as high as
98% purity,26 and even enrich left and right-handed nanotubes of identical chirality.27
However, these separation processes are limited to very small scales without a clear path
to scale-up. We have previously suggested an alternative, but complimentary approach to
either specific growth or separation, and this is amplification.27
In a process related to PCR of DNA, amplification of SWNTs would involve the
isolation of a small amount of metallic SWNTs (through separation), to these would be
attached a pro-catalyst (metal oxide) nanoparticle, creating a SWNT-catalyst conjugate
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that would allow the growth of an additional length of SWNT, with the same chirality as
the progenitor SWNT template.28
In pioneering the concept of SWNT amplification we have demonstrated that with
an iron catalyst the length of an individual SWNT can be dramatically extended without
alteration in the diameter;28 however, the yield of amplification was < 3%. In contrast, FeMo catalyst has a higher fraction of SWNTs amplified, but with only limited length
extension (~3x).29 In a recent study we have shown that if catalyst grown SWNTs are
subjected to secondary growth where the catalyst remain active two processes are
observed: amplification and etching.30
Conceptually SWNT amplification is an equilibrium process with etching
(Scheme 3.1), in which the relative rates of the forward and reverse reaction should be
dependent on the identity of the hydrocarbon, the choice of catalyst (including
composition,31 size,32 and stability33), reaction temperature, reaction time34 and the ratio of
reagents. In our previous work30 we showed that for Fe-Co catalyst, with a CH4:H2
feedstock ratio of 50:50, and a reaction temperature of 900 °C, etching is highly efficient
and amplification a minor component. The high degree of etching does mean

hydrocarbon
catalyst

H2

growth
etch
hydrocarbon

H2

Scheme 3.1. Schematic representation of the relationship between SWNT growth and
etch-back.
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that the catalyst is still active and they are attached to the SWNTs. Thus the system does
allow for the ready optimization to determine whether reaction conditions can be varied
to increase the percentage of amplification. The results of this study are presented herein.
Based upon prior results we have chosen Fe-Co catalyst with a 50:50
composition, since this ratio showed the greatest fraction of SWNT etching we have
assumed that this is an indication of a composition with the highest percentage of catalyst
attached to SWNTs with any catalytic activity. The nanoparticles used for SWNT growth
are formed in-situ during the heating phase immediately prior to nanotube growth. The
nanoparticle samples were prepared using 2.5 mM concentration of iron and cobalt
nitrates each, in a spin-on-glass solution (Honeywell Electronic Materials, 111). N-type
silicon (1 cm2) cleaned using RCA-1 control samples were prepared by placing two drops
of the metal-containing spin-on-glass (SOG) solution onto the substrate and then spun
dried. Samples were then placed in a horizontal tube furnace in a quartz tube and brought
to 900 °C under Ar (500 sccm). After 30 minutes H2 (225 sccm) and CH4 (225 sccm) was
introduced with the cessation of Ar flow. All growth runs were 15 min long. After
characterization, the samples were reintroduced to the growth chamber for a 15 min run
at 900 °C for a range of CH4:H2 values. In order to insure that pressure is not responsible
for the change in growth noted after subsequent growths the second growth run had a
total gas flow rate that was kept constant throughout. Effect of partial pressures were
tested using a total flow rate of 500 sccm, with the intent that the pressure not change
when moving from the argon flow to the methane and hydrogen flow, therefore the flow
rates for growth were H2 (250 sccm) and CH4 (250 sccm).
The SEM images in Figure 3.9 show a typical example of the results from the first
and second growth runs. As may be seen from Figure 3.9b the yield after second growth
(new nucleation) can be considered, and it is highly dependent on the CH4:H2 ratio.
Increasing hydrocarbon feed concentration results in an increased number of catalyst
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Figure 3.9. SEM images of SWNT growth showing (a) the results from first growth and
(b) the results from second growth run under the conditions CH4:H2 (60:40). Scale bar is
2.5 µm long.

particles growing SWNTs, however above 60% CH4 the SWNT yield decreases, see
Figure 3.10. We propose that this is due to either carbon poisoning of the catalyst through
the possible formation of a carbon crust, and/or insufficient hydrogen partial pressure to
reduce the metal oxide (formed by exposure of the metal catalyst to the atmosphere
during interim analysis), i.e. the procatalyst oxide is not converted to the catalyst metal
particle.
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Figure 3.10. Plot of yield from the growth of single walled carbon nanotubes as a
function of gas partial pressure of hydrogen.

In addition to new SWNTs after the second growth run, there are SWNTs that
were completely or partially etched (e.g., Figure 3.11a and 3.11b) and those that were
amplified in length (e.g., Figure 3.11). We note that in each sample there were also
SWNTs that did not change in size. The reason for this latter effect could include:
inactivation of the catalyst during the first growth run as a result of Ostwald ripening,32 or
detachment of the catalyst from the SWNT upon exposure to the atmosphere between
growth runs.
As shown in Figure 3.12a, the percentage of SWNTs amplified is highly
dependent on the reagent gas composition with increased CH4 partial pressure resulting in
greater amplification. This result is in line with the equilibrium in Scheme 3.1. In
addition, it suggests that once a catalyst is activated, it is easier to reactivate at lower
hydrogen

partial pressures. Also shown in Figure 3.12b is the ratio of etched

SWNTs:amplified SWNTs. Once the regrowth conditions for maximizing amplification
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Figure 3.11. SEM image showing (a and b) partial etching in second growth (b),
highlighted by the red lines, and amplification (c and d) showing the increased length of
the SWNT (d). Scale bar is 1 µm long.

had been determined at 900 °C, a second regrowth run was performed using CH4:H2 ratio
of 80:20 at 800, 900 and 1000 °C, and the relative percentage of amplification and
etching measured. As may be seen in Figure 3.13, the etching is more efficient at 1000
°C, while amplification yield increases at low temperature. In Figure 3.13 the percentages
of amplification is based on total active catalyst, i.e., those that catalytically retain
activity.
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Figure 3.12. Carbon nanotube amplification (a) and the ratio of amplification to etching
(b) as a function of hydrogen partial pressure.

We note that the proceeding results do not take into account variations in the
SWNT chirality or catalyst size and composition. The observation of both etching and
amplification concurrently under particular reaction conditions would not be expected in
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Figure 3.13. Normalized SWNT amplification shown as a function of temperature.!!

a simple equilibrium system as expected for a single catalyst. We propose that the
observation of both is indicative of a variation in the size and composition of the
individual catalyst nanoparticles and/or the relative reaction rates for different SWNT
chiralities. Under any particular condition certain particles are more conducive to SWNT
growth while others promote etching. As the reagent composition is altered to a higher
CH4:H2 ratio those that amplified the SWNTs continued to do so, and some fraction of
those that would etch SWNTs now grow instead. In a similar manner, certain chiralities
of SWNT may grow under a set of reaction conditions, while other chiralities will etch. It
should be noted that if amplification were applied to just metallic (armchair) SWNTs this
latter variation would not be an issue; however, uniformity of catalyst size and
composition. Thus, the relative propensity of a sample of SWNT-cat conjugates to
amplify the attached SWNT is actually the result of a series of equilibria with slightly
differing rate constants.

!!

As nanotubes are grown in-situ they likely exist with the catalyst still attached at the
end, thus alleviating the requirement to form a SWNT-Cat complex by chemical means;
as was employed by previous groups.6,28,29
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Although we realize that the data set, at present, is limited to the Fe-Co catalysts,
the important point is that amplification and nucleation can be delineated based upon
reaction conditions. We also note that growth time is an important parameter to consider
that has been previously shown to influence the nucleation and growth stage of nanotube
growth.34 Time is also an important parameter to investigate to discover at what time
amplification and etching will cease. From the results presented herein (within 15 minute
growth time) etching will continue until the nanotube is gone as evidenced by nanotubes
that have been completely etched after the growth run. On the other hand the continued
growth of nanotubes and the reasons for nanotube growth to stop are not well understood
to date.
A further point of interest arises from the current data. If we assume that the
amplification/etch process is a true equilibrium as shown in Scheme 3.1, then the relative
presence of amplified and etched SWNTs as a function of temperature may be treated as
dependant equilibrium. Hence, from the van’t Hoff plot a value for the enthalpy of
reaction (!H) of –197 kJ.mol-1 is obtained, this can be seen in Figure 3.14.
Based upon the foregoing we propose that SWNT amplification yield can indeed
be enhanced significantly by the reagent gas composition, but that uniformity of catalyst
is a necessary prerequisite. Furthermore, it is important that all catalysts remain attached
to the SWNT during growth and possibly more important with regard to the overall yield
that all attached catalysts were active. We are presently investigating methods to greater
control catalyst uniformity and optimized activity, however, the potential that over 90%
of SWNT-catalyst complexes could be induced to undergo amplification offers promise
of the growth of significant quantities of specific chiralities of SWNTs obtained by small
scale separation.
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Conclusions
No approach to SWNT growth to date produces only metallic nanotubes with a yield
sufficient for industrial use. To remedy this have proposed to amplify the lengths of
metallic type SWNTs.10,11,15 Within this scenario the nucleation of new SWNTs,
invariably of a random chirality, is detrimental to our end goal of producing a large-scale
4
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Figure 3.14. A van’t Hoff plot for SWNT amplification/etching (R2 = 0.986).

wire of metal only nanotubes. As such it is of practical importance to understand the
dynamics of SWNT nucleation, such that it can be avoided when attempting to amplify a
batch of chirality specific SWNTs. To this end we propose our method to determine a
catalyst activity map to serve as a practical approach for optimizing a high throughput of
exclusively amplified, and hence, metallic nanotubes. In this work we find that for the
Fe-Co (50:50) system, nucleation is best achieved at a H2:CH4 ratio of 40:60, as
evidenced by >10 increase in the number of SWNTs. If this catalyst composition is to be
used for large-scale amplification then these conditions, that favor nucleation, must be
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avoided to prevent contamination of amplified samples with new SWNTs of varying
chirality.

Experimental Methods
Materials for the optimal nucleation of SWNTs were made using Iron nitrate
[Fe(NO3)3·9(H2O), Sigma Aldrich], cobalt nitrate [Co(NO3)2·6(H2O), Sigma Aldrich], and
the Spin-On Glass solution (Honeywell Electronic Materials, Spin-On Glass 111) were
used without further purification. H2 (99.999%), CH4 (UHP grade), argon (99.999%)
were purchased from Matheson TRIGAS and used without further drying. RCA-1
solution was prepared using H2O2 (10 mL, 30% solution from EMD), NH4OH (10 mL,
Fisher Scientific), and DI water (50 mL).16

Nanotube synthesis. In a general experiment, growth samples were prepared
using 2.5 mM iron nitrate, and 2.5 mM cobalt nitrate, in a Spin-On Glass solution. N-type
silica substrates were cut to approximately 1 cm2 then cleaned using the RCA-1
technique. With a plastic Pasteur pipette two drops of metal containing Spin-On Glass
(SOG) solution was added to the substrate, and then spin-dried for 40 seconds at 2000
rpm. Growth of nanotubes is performed immediately thereafter by placing samples into a
horizontal tube furnace (Lindberg) enclosed in a quartz tube and brought to 900 °C under
a constant flow of argon (500 sccm), monitored using a flow meter (Unit Instruments
URS-100-5). After 30 minutes H2 (225 sccm) and CH4 (225 sccm) was released into the
chamber upon the cessation of Ar flow. After 15 minutes of growth under these
conditions the Ar was then returned to flowing and the CH4, and H2 were switched off,
allowing the samples cool rapidly to room temperature. This is the method by which the
control was made. In the secondary growth runs the pressure of the methane and
hydrogen had a combined flow rate of 500 sccm.
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To determine the effect of the substrate on SWNT growth. Samples of varying
metal concentration were prepared by successive dilution of a 5 mM metal solution. To
make the 5 mM solution 2.5 mM iron nitrate, and 2.5 mM cobalt nitrate, were dissolved
in 20 mL of a Spin-On Glass solution. The 5 mM solution (0.5 mL) was then dissolved in
ratios of 1:1, 1:2, 1:3, and 1:4. Such that one part of the 5 mM solution was diluted with
two parts Spin-On Glass and so forth. Each solution was then sonicated for a period of 20
seconds to insure complete solvation. These solutions were then used to carry out SWNT
growth on N-type silica substrates as described above.
To determine the effect of substrate three substrates were used, one of silicon with
a native oxide layer and one of silicon with a 100 !m layer of alumina. Each substrate
was made into pieces of 1 cm2 and etched with a scribe to mark out the substrate, and
were then treated according to the RCA-1 technique. Following from this, two drops of 5
mM metal solution was applied and then the samples were spin dried for 40 seconds at
2000 rpm. Growth of nanotubes was then carried out immediately as described above.

Characterization and data analysis. Scanning electron microscopy (SEM) was
carried out using FEI Quanta 400 in HiVac mode with a typical operating voltage
between 20 and 30 kV, working distance of 10 mm, aperture 5, spot size 3, with the
incident beam perpendicular to the substrate. Data was then accrued from SEM images
using ImageJ17 by tracing nanotubes using a freehand line tool. Substrates were
physically marked at the cardinal points with a scribe to navigate back to specific
locations for subsequent imaging. The images were acquired from the central zone of the
substrate, thus negating differences in growth that could occur across a substrate due to
temperature gradients at the edges for example. Nanoparticle and SWNT diameters were
determined using Digital Instrument Nanoscope IIIA Atomic force microscope (Veeco),
using non-contact mode. AFM tips used were acquired from K-TEK Nanotechnology
(TETRA15/Au).
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Chapter 4

Subterranean swnts and the characterization of single walled carbon
nanotubes by secondary electron microscopy

Portions of this chapter are published in A. W. Orbaek, and A. R. Barron, Nanoscale,
2013, 5, 2790. A copy of the published manuscript is included in Appendix 8.

Introduction
Single walled carbon nanotubes (SWNTs) are described as a graphitic lattice that
is rolled into a tube according to (n,m) vector values, such that the nanotube properties
vary according to the (n,m) value; as this dictates the chiral angle that is subtended with
respect to the <100> graphitic lattice.1 Most notably this affects the electronic band
structure according to the roll angle,2 resulting in bandgap values that range from zero
(metallic) to several eV (semiconducting). The single greatest drawback to the adoption
of SWNTs into electronics devices arises from the variety of bandgaps present for any
given sample of as synthesized SWNTs. As such it is desirable to have SWNTs with very
discreet bandgaps to make samples of homogenous electronic properties, and recent
research has focused on methods for separation.3 In addition to separation it is necessary
to characterize these nanotubes to determine the bandgap that they posses. To do this one
may employ several complimentary ensemble spectroscopy techniques such as Raman,3
fluorescence,4 or absorbance.5 However, we report herein that it is possible to
differentiate SWNTs based upon their differential charge/discharge time scales during
scanning electron microscopy (SEM) imaging when they are encapsulated within a
dielectric.
SEM works by the detection of secondary electrons emitted from a sample upon
excitation by an incident electron beam. Sample properties such as bandgap, oxidation
state, conductivity, atomic number (z), and work function can all play a part to determine
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the number of secondary electrons that are emitted, and hence determine the capacity for
detection within an SEM.6 The secondary electrons emitted from a sample do not follow
a linear relationship with respect to incident energy and must be determined empirically
for each sample composition. In order to acquire adequate imaging the crossover point
must be achieved, whereby there are more secondary electrons emitted with respect to
incident electrons. Highest imaging capacity is achieved when the maximum number of
secondary electrons are emitted with respect to incident electrons, this value can vary for
materials that are even composed of the same elements as shown in Figure 4.1. The cross
over point for various materials was intensely investigated in the early days of SEM, as it
was a new way to probe material characteristics whereby the sample is in effect the
detector.
We have recently reported a method for growing pristine (unfunctionalized)
SWNTs within a silica matrix.7,8 The density of nanotubes is controlled by alteration of
the partial pressures of the growth gasses, growth times, number of growth cycles, and
catalyst concentration. The nanotubes are un-altered by chemical functionalization,
offering a unique opportunity to study electronic properties without sidewall
functionalization or other post-growth purification steps that alter the Fermi surface on
the nanotube.9 Significant inter-tube interactions arising from inordinately strong sidewall
coupling5 create a percolating network. We have noted that SWNTs would appear as
bright or dark when characterized by SEM: bright when connected and dark when not
connected to the network. These dark tubes were better resolved using rapid dwell times,
compared to dwell times typical for imaging. This is counter intuitive to traditional
thinking that suggests longer dwell times give greater image resolution, due to greater
electron count at the detector whereby “long recording times are necessary to increase the
signal-to-noise ratio.”6 These results have prompted an investigation of the time resolved
dependence on the SEM imaging of SWNTs.
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Figure 4.1. Secondary electron emission from various materials related to this work.
Values obtained from CRC Press Handbook of Chemistry and Physics, CRC Press 2003,
85th Edition. SEM from various materials is a non-linear variable property dependent not
only on the conductivity of the sample but also more specifically on the point at which
secondary electron emission is achieved. The incident energy required to achieve
maximum emission depends on the material used. So for sample with mixed material
compositions some compromise of imaging capacity has to be accepted to see all the
materials present.

Results and Discussion
We have previously reported that SWNTs can be grown from in-situ formed
catalysts by mixing the appropriate metal precursor within Spin-On Glass.7,8 When the asgrown samples are examined using surface measurements such as AFM, surface features
can be characterized; including nanoparticle catalyst,5 and SWNTs (Figure 4.2).
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Figure 4.2. Comparison of (a) AFM and (b) SEM images of SWNTs grown from FeCo
catalysts in a Spin-On Glass substrate, suggest the presence of subterranean SWNTs as
determined by SEM imaging.

However, when the same area was studied by SEM (Figure 4.2b) a much higher
concentration of SWNTs were observed. This is illustrated schematically in Figure 4.3.
This can be rationalized by considering the higher penetration depth of SEM11 as
compared to the purely surface detection of AFM. This comparison is consistent with the
presence of SWNTs that are imbedded within the silica matrix, or subterranean SWNTs.6

Figure 4.3. Schematic representation of the imaging of surface versus embedded
SWNTs.

The formation of subterranean SWNTs is reasonable given that the catalyst precursors
(iron and cobalt nitrate) are interspersed within the entirety of the silica precursor (SpinOn Glass), and the resulting silica (formed upon thermolysis) is porous, it is reasonable
that some of the embedded catalyst nanoparticles grow SWNTs that remain embedded
within the silica matrix. Those nanotubes that grow within the matrix are entirely
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surrounded by silica, such that they are not seen using AFM. Since we were interested in
the activity of various catalyst (i.e., the number of SWNTs grown per unit area
irrespective of locations) we have consequently used SEM to quantify SWNT growth
when using the Spin-On Glass catalyst system.7,8 Our concept of subterranean SWNT is
consistent with the work of Loos et al., that have previously reported imaging SWNTs
within a polystyrene matrix.6
In the samples that we have produced (using iron/cobalt catalysts) there is a large
randomly arranged network of interconnected SWNTs that can be detected readily using
SEM (Figure 4.4). It was found that SEM readily images those SWNTs that form

Figure 4.4. SEM image of typical sample of SWNTs grown from FeCo catalyst within a
Spin-On Glass substrate, displaying a random network of SWNTs traversing the
substrate. The networks consist of various length nanotubes that are interconnected, these
SWNT appear strongly in the SEM. However very faint images of nanotubes are also
detected in the image, they appear to be unconnected and isolated from the network, as
highlighted by the box. Note that within rectangular area there is no apparent SWNT.
Image was acquired with 40 µs dwell time, 5 kV, spot size 4, WD 3.6 mm.
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elaborate and random networks via tube-tube interactions as they have a high contrast
width in respect to the background signal. Such interactions between tubes can occur for
one tube wrapping around upon itself, or two different nanotubes forming a T-shaped
artefact. Both types are shown in Figure 4.5a. From close inspection, with AFM, of
nanotubes that appear as a needle eye (Figure 4.5b) it is evident that nanotubes are in
intimate contact with each other, thus allowing for electrons to pass from one SWNT to
another.12

Figure 4.5. SEM image of examples of interconnections between SWNTs (a). When
nanotubes are connected they undergo intimate contact along the sidewalls and can be
characterized by AFM, which upon imaging at higher resolution reveals a shape similar
to that of the eye of a needle (b).

As may be seen from the SEM image in Figure 4.4, that in addition to well
resolved images of networked SWNTs, there appears to be the faint appearance of
individual isolated nanotubes, as indicated by the box. For all nanotubes with a lower
bandgap than that of the local silica environment, an electron percolation network is
formed as a favorable pathway for electron transport. This effectively increases the signal
to noise ratio of the networked SWNTs due to the availability of electrons from a
reservoir of electrons13 to replenish those that are emitted to the detector; thus they are
brighter compared to nanotubes that are isolated, and charge screened. Nanotubes on a
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surface are not fully screened, and it has been noted that nanotubes on an oxide surface
exhibit enhanced secondary electron emission,14 and they are easy to detect for this
reason. But for subterranean SWNTs that grow submerged, or become submerged in a
matrix after processing, or even during growth due to catalyst mobility,15 charge
screening can prevent their ready detection. It is the nanotubes that are isolated and
submerged within the silica that are difficult to detect. Isolated nanotubes are barely
visible to such an extent that without further image enhancement from a program such as
ImageJ10 nanotubes are often difficult to detect (see the box in Figure 4.4). This effect
makes the use of SEM imaging for nanotubes a non-trivial task for quantification
purposes when in contact with a dielectric, because the nanotubes can be present, but
invisible under certain conditions.
It is observed that isolated nanotubes exhibit a time dependent property during
SEM imaging that until now has not been reported. Even though it has been observed that
nanotubes can appear as both bright and dark due to an effect of voltage contrast.16 We
have discovered that the contrast has a time dependant factor instead. In short we have
found that the isolated subterranean (embedded in the substrate) tubes are dimly present
when the dwell time is long (80 µs) as shown in Figure 4.5a; however as the dwell time is
decreased the isolated nanotube becomes more and more evident (Fig. 4.6b - d).
Unfortunately, a negative the signal-to-noise ratio. To compensate for this, image
definition can be enhanced using recursive imaging, leading to greater signal-to-noise
ratios in the final image by using frame integration. It is interesting to note that by
applying line integration as opposed to frame integration, the time dependence effect was
not observed. At different time scales we notice different isolated nanotubes to be more
present than at other time scales, suggesting the time scale necessary to image the SWNT
is dependent on the properties of that nanotube, and more importantly it is specific to that
nanotube. We note that Kovacs et al. reported a similar time effect for imaging of isolated
MWNT bundles dispersed in a polymer matrix.17
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Figure 4.6. SEM images of rectangular box from Figure 4.4. Individual and isolated
subterranean nanotube reveal that once the cross over point for the nanotube is achieved
the nanotubes can still appear very faint within the image (a). Upon altering the
instrument dwell time, to quicker time frames, the nanotube intensity varies according to
the respective dwell time. In this case the dwell times are 80 µs (a), 10 µs (b), 3 µs (c),
and 0.3 µs (d). All images acquired with 1x frame integration, 5 kV incident beam, spot
size 4, and working distance 3.6 mm.

To demonstrate the effect of dwell time a section of representative data has been
cropped from an SEM image that was acquired at 40 µs, 10 µs, and 0.5 µs dwell time,
Fig. 4.7a - c respectively. Two points to note from this image are: firstly, the intensity of
the networked nanotube is typically greater than that of the isolated tubes, so the intensity
of the networked nanotubes were used as a control for the comparison of pixel intensity
values. Secondly, at a short dwell time the isolated tubes are emitting sufficiently that
they appear brightly in the image. But at longer dwell times of 40 µs, these same tubes
appear dark; the intensity of these tubes is now lower than that of the background (Figure
4.8). Clearly the effect of dwell time is profound for the detection of these tubes. To
quantify this effect ImageJ15 was used to measure pixel intensities. These nanotubes are
of comparable size and dimension, suggesting a difference in chemical or physical
makeup dictate the different electronic interactions between the tube and the dielectric,
which in turn affects how the nanotube is imaged.
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Figure 4.7. SEM images of seven SWNTs that were acquired at various dwell times: 40
µs (a), 10 µs (b), and 0.5 µs (c). At long instrument dwell times the nanotubes appear as
black but at the rapid dwell time the nanotubes appear much brighter, thus highlighting
the difference caused by the instrument dwell time in detecting the presence of isolated
SWNTs. All images acquired with frame integration 32x applied, spot size 7, 30 kV
incident beam, 9.6 mm working distance.

Unlike previous studies17 where distinction based on dark (long dwell time) versus
light (short dwell time) images, we find that the change in intensity with dwell time
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Figure 4.8. Illustration of imaging of SWNTs at different dwell time.

appears to be specific for individual tubes, rather than a gross feature of the sample. A
graph plotting the nanotube intensities as a function of inverse dwell time is presented in
Figure 4.9.
In this graph there are three points of note. Firstly, at dwell times greater than 10
µs (! 0.1 µs-1) most of the nanotubes are displaying intensities lower than that of the
background signal; in essence they are appearing as dark. But as the dwell time decreases
these nanotubes become more prominent in intensity relative to the intensity of the
networked nanotube. Suggesting that for all isolated nanotubes a threshold value for
optimal detection of 10 µs dwell time is required. This corresponds to a total frame rate
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Figure 4.9. Plot of SWNT intensities for SWNTs shown in Figure 5 as a function of
instrument dwell time, showing the inverse relationship of SWNT intensity with respect
to dwell time. Quicker dwell times have the effect of making the nanotube more
pronounced within the SEM image. Legend is as follows: I = 0.30 µm ( ); II = 0.61 µm
( ); III = 0.66 µm ( ); IV = 1.50 µm ( ); V = 1.95 µm ( ); VI = 4.90 µm ( ). For
clarity the data of only the background ( ), network SWNTs ( ) and SWNT III are
shown connected.

of 9.5 s. Secondly; the SWNT intensity does not increase continuously. SWNT IV
displays a maximum intensity at a dwell time of 500 ns (2 µs-1), but then decreases in
intensity at a dwell time of 100 ns (10 µs-1). This suggests that for each isolated nanotube
maximum intensity is reached at specific dwell times, which could be consistent with the
band gap of that particular nanotube. The effect of the incident electron beam creates a
highly charged environment and under the appropriate conditions for imaging they can be
imaged in a manner that is inversely proportionally to the dwell time.
The SEM instrument dwell time determines the exposure time of a point of the
sample to the electron beam, such that long dwell times increase electron count at the
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detector resulting in increased signal-to-noise ratios. For this reason, and for most
samples, it is advisable to adopt slower scan speeds to increase image quality. For
focusing as opposed to imaging, shorter dwell times of 1 µs may be used instead because
the image refreshes faster. When focusing, certain tubes were apparent in the sample, but
when imaging at 40 µs, they disappeared from the image. By altering the time scale of
the imaging stage to match that typically used for focusing, nanotubes were successfully
imaged that were previously not collected in the image at a 40 µs dwell time. Image
definition is maintained using recursive imaging such as frame integration of 8x or more.
Previously, researchers have reported finding nanotubes that exhibit a contrast
reversal.10,12 We now propose that in fact those nanotubes that were described as dark, are
actually present, but would be better resolved using shorter dwell times.
SEM has been used extensively for the characterization of SWNTs despite the
fact the image contrast mechanism is not yet fully understood or agreed upon, as there are
a number of conflicting ideas; such ideas range from contrast imaging,18 although it is not
dependent on any time resolved factor, as such it is not likely to be the mechanism.
However, voltage contrast19 has been shown to have a time dependent factor. Voltage
contrast is caused by different potentials being generated on a specimen surface at an
insulator due to the effect of charging. In this method negatively biased regions appear as
bright, while positively biased regions are dark. This is predominantly a surface based
phenomena but it can be used in conjunction with capacitive-coupling voltage contrast to
probe sub surface materials. In this method there is a time dependent factor that is
associated with the charge/discharge time frame of the material in question. Voltage
contrast can also be used in conjunction with transient mode electron beam induced
current (EBIC), in this technique beam pulsing is used to determining the relaxation time
according to the beam pulse frequency. Relaxation time. In transient mode can use beam
pulsing and time resolved EBIC. An electron beam induced current (EBIC)20,21 signal can
be used to see p-n junctions, and crystal defects below the surface. Is caused by electron-
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hole pairs that are created inside a depletion layer. There is a time dependent factor in
that it is affect by the relaxation time, whereby the lifetime of minority carriers is on the
order of 10-10 to 10-6 s. It can also be used in conjunction with cathodluminescence to
garner quantitative information. Cathodluminescence has a time dependent factor on the
order of 10-11 s according to the decay timeframe. Cathodoluminscence18 is known to
occur for some organic fluorescent compounds, but the data is often qualitative if the
technique is not used in conjunction with other techniques.
There are other possibilities for the imaging mechanism that we encounter, but
these do not have an intrinsic time dependent factor associated with them that are known
of yet. For example it could arise due to and nanotube charging.22 Possibly even the high
energy incident beam helps SWNTs overcome a work function barrier13 or they are
undergoing or the intrinsically high aspect ratio SWNTs are inducing field emission.23
Regardless of the exact mechanism several chemical and physical factors such as
bandgap, work function,24 and orbital symmetry of both the SWNT and substrate25 can
affect image acquisition. If on one single nanotube a difference in work function along
the tube can be detected using SEM25 it should also be possible to see differences of work
function, and hence conductivity, of isolated nanotubes compared with that of the bulk
sample, or compared with that of the substrate.
Electron depletion on a nanotube surface occurs due to the electron emission to
the detector. The nanotubes in our present study are exhibiting a time dependent emission
that must be subject to the capacity for that nanotube to dissipate charge. This additional
variation could be due to the identity of the dielectric, in the present case this would
encompass SWNTs that are actually embedded within the SiO2 matrix versus ones that
are partially embedded on the surface. Traditionally it is assumed that any equilibrium
change depends on the electron dose versus the discharge rate: the dose being dependent
on the operating parameters (including beam dwell time). The discharge rate would be
expected to be a function of the differences in the band gaps between the SWNT and the
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matrix. It is worth considering the reasons why this change in time dependent emission
occurs with different SWNTs; one possibility is how metallic or semi-conducting the
nanotube is, namely, what is its bandgap (as determined by SWNT chirality)? It is
reasonable to suggest that the charge/discharge time scale26 is dependent on the identity
of the dielectric and the nanotube. In the present case with constant dielectric (silica), the
specific properties of each SWNT will determine electron emission, based on the identity
(n,m) of that nanotube. Such a n,m dependence on dwell time is reasonable to propose
since Vijayaraghavan et al. reported27 that at a constant SEM dwell time the image
intensity of a SWNT subjected to a bias voltage was dependant on the metallic versus
semiconducting nature of the tube.
Further to the dwell time and the accumulated time, we have also considered the
influence of nanotube length and depth within the sample. For those nanotubes in Figure
4.7 no direct correlation between the length of the nanotube and the visibility of the
nanotube was found. Individual nanotubes that we have investigated are typically under
10 µm, as longer tubes tend to reach the silica surface and will then exhibit enhanced
emission, or they will be long enough to link with the SWNT network. The nanotube
depth within the silica is not possible to determine using the methods currently employed;
such as AFM and SEM. SOG film thickness is <200 nm in depth, which is much smaller
than the sampling volume of an SEM operating at 30 kV. For these reasons we do not
attribute depth to play a major role. But we are investigating this matter further since
SEM is a non-linear variable property that is dependent on both the materials chemical
and physical architecture. But as can be seen in Figure 4.7 the nanotubes appear as dark
at longer dwell times, suggesting that they are still detected, so they are not so deep
within the substrate that they are not detected; suggesting that the change in dwell time is
not probing the substrate at different depths, and so it must be another effect that is
occurring (see above). It could be possible that at the longer dwell times the SOG is
becoming highly charged, and as such is screening the isolated nanotubes, but the
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appearance of the tubes as an intensity trough suggests that they are possibly absorbing
electrons from the SOG. Nonetheless, by virtue of the fact one can make out the tube at
different dwell times, albeit very faintly at times, suggests that dwell time is not affecting
the depth of the electron beam.
In the above discussion we have ensured that any comparison made between
different dwell times is done on images taken at the same magnification. As may be seen
from Figure 4.10 this is an important requirement. For SEM images acquired at high
magnification (Figure 4.10a and b) the image is best achieved by using a high incident
electron beam of 30 kV (Figure 4.10b), as opposed to 1.5 kV where the surface of the
material becomes more prominent (Figure 4.10a). However at lower magnifications
(Figure 4.10c and d) the SWNTs are better imaged using an operating voltage of 1.0 kV

Figure 4.10. SEM images acquired at various magnifications and operating voltages.
Image aquisition: (a) 1.5 kV, 1 µs, spot 4, WD 10.2 mm, 23519x magnification, 32x
frame integration; (b) 30 kV, 1 µs, spot 7, WD 9.6 mm, 24588x, 32x; (c) 1.0 kV, 40 µs,
spot 4.5, WD 9.8 mm, 1845x, 32x; (d) 30 kV, 20 µs, spot 6, WD 9.7 mm, 2243x, 1x.
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(Figure 4.10c), whereas an operating voltage of 30 kV now produces an image that is
largely composed of the surface features of the SOG material (Figure 4.10d). In fact at a
higher operating voltage (Fig. 4.10d) the surface appears in sharp relief, as compared
with the rounded edges of the sample surface when imaged at 1.5 kV (Figure 4.10a). As
may be seen by comparing Figure 4.10a versus c, (or Figure 4.10b versus d) low voltage
and long dwelling time are favorable for acquiring low magnification images, and high
voltage with short dwelling time are beneficial for high magnification imaging.
In order to best exploit the discreet charge/discharge time frames for individual
tubes a high magnification is required, it can be avieved using a lower magnification but
the effect is more slight. We have found that for imaging at a magnification on the order
10000x requires a high operating voltage (30 kV) to see the SWNTs clearly, but at lower
magnifications of 1000x the SWNTs are better resolved with a lower operating voltage
such as 1.0 kV. To focus SWNTs one must overcome the competitive interaction
between the emission of secondary electrons between the SWNTs and that of the SOG
material. To get the maximum intensity from the SWNT one must find the adequate
imaging conditions to reach the cross over point for the SWNT such that they emit great
volume of secondary electrons compared with that of the matrix material (SOG).
Thus, the cross over point for the SWNT/SOG material is dependent on not just
the incident electron beam, but also of the operating parameters. In Figure 4.10d no
SWNT are evident as the SOG is emitting far more electrons as compared with SWNTs,
in effect the SOG is shielding the SWNTs, and as such they cannot be seen. In this way
the SOG material acts as a dielectric shield about the SWNTs, it acts a charge screen.
Finally, so as to demonstrate that the effects described herein are not a function of
sample orientation or scan rotation, Fig. 4.11a-d shows 4 images taken with the same
dwell time (1 ms) at 90° orientations. From Figure 4.11 it can be seen that there is only
slight variation as a function of scan rotation. We note that in Figure 4.11b there is a
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Figure 4.11. SEM images of area acquired under variable raster scan directions, and
dwell times, such that each image is orthogonal to one another starting with regular
imaging conditions (a) and alternating 90 degrees. Image acquired at 1 µs dwell time, 32x
frame integration applied; 30 kV acceleration voltage, with spot size 7 at working
distance of 10 mm, using a 10,000x magnification. The scan orientation tracks from left
to right (a), bottom to top (b), right to left (c), and top to bottom (d).

blemish at the left hand side of the SWNT, this occurs as a result of charging from a large
particle that is acting as an electron scattering centre. When the raster scans over the
particle prior to the SWNT the electron density is altered about that area. See SEI for an
image of the scattering centre. When the scattering centre is in the line of the raster, and
is struck by the electron beam prior to the SWNT it has the effect of masking the SWNT
and the SWNT is less evident (Figure 4.11a), however when the particle is close by, but
not struck prior to the SWNT the enhanced build up of charge can create an effect to
make the SWNT more prominent by virtue of a darker background, whereby the
background is darker because the scattering centre is absorbing and re-emitting the
electrons from the surrounding area. In this way it causes a deviation in the path of the
electrons back to the detector that effectively causes the background to appear darker. We
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note that the change in image fidelity is altered slightly by the scan direction with respect
to the sample, however there is still a more profound difference according to the dwell
time, whereby the longer dwell time of 10 ms show the SWNTs to be less visible.

Conclusions
The initial goal of our study was to use SEM to characterize the growth of
SWNTs using various catalysts;7,8 in particular to quantify and compare the efficacy of
different catalyst and growth conditions. The present study suggests that caution should
be used when SEM is employed for the quantification of SWNTs in the presences of a
dielectric without the use of variable dwell times. In other words, researchers should be
cautioned that in order to obtain an accurate quantification of SWNTs on (and within) a
substrate it is important to collect images with variable dwell times, because shorter
individual tubes may not be accounted for unless variable dwell time studies are
performed. This is particularly true where different nanotubes in the same samples appear
with variable contrast. Isolated nanotubes not connected to a network were found to
exhibit a variable time dependent factor, as evidenced by the differing dwell time
required for each specific tube to be fully imaged.
Furthermore, researchers should be cautioned that if SWNTs present within a
dielectric matrix are of insufficient length that they do not interact with neighboring
SWNTs, variable dwell time imaging is required. This will be particularly important for
future SWNT containing device structures.28

Experimental Methods
Nanotube synthesis was accomplished using previously reported method,7,8 in
which iron and cobalt nitrate salts form to nanoparticles in-situ as a necessary step to
catalyse the growth of SWNTs. Equal portions of iron and cobalt nitrate (2.5 mM each)
are dispersed in Spin-On Glass solution and then spin cast (120 kHz, for 20 seconds) on
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an n-type silicon substrate (1 cm2) that has been cleaned by the RCA-1 method. Upon
introduction to a horizontal tube furnace the temperature is raised to 900 °C under the
presence of argon (500 sccm), at a ramp speed of 30 °C/min. After 30 minutes the gas is
changed to H2 (250 sccm) and CH4 (250 sccm) and the nanotubes are grown for a period
(15 min) prior to rapid cooling under Ar (500 sccm).
SEM analysis was carried out on a FEI Quanta 400 in HiVac mode with an
aperture of 4 or 5 (50 µm and 40 µm respectively). Operating voltage was varied between
10 and 30 kV. Line integration was not applied; the image was integrated per selected
integer value integrating the frames. Images were saved using 24-bit TIFF, of 1024x884
pixel resolution. At a dwell time of 10 µs the line scan frequency is 97 Hz. At 0.1 µs the
line scan frequency is 9.7 kHz. The program ImageJ (ver. 1.44f)10 was used to achieve
better definition of isolated nanotubes in the image; each image was converted to an 8-bit
image then scaled according to SEM scale bar. To apply an appropriate change to
minimum and maximum values of the 8-bit image a line scan across a network SWNT
indicated that the alteration was not bleaching the data. Min/max enhancement was
carried out such that the value of maximum value of 255 was not reached. Pixel
intensities for each area of interest were acquired using the multi-point tool, and then a
multi-measure of those points is carried out.
AFM was carried out on a Digital Instrument Nanoscope III operating in noncontact mode using K-TEK Nanotechnology llc, Tetra 15/AuBs tips; operating with a
resonant frequency of ~300 kHz conducting 256 x 256 line scans at a frequency of 2 Hz.
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Chapter 5

The development of a ‘process map’ for the growth of carbon
nanomaterials from ferrocene by injection CVD
Introduction
The various allotropes of carbon nanomaterials include buckminsterfullerene,
graphene, multi walled carbon nanotubes and single walled carbon nanotubes; each are
composed of graphitic sp2 carbon.1 Similarly, carbon fibers and carbon filaments posses
graphitic units,2 however they are typically much larger in size than carbon nanomaterials
and for this reason not typically associated as a carbon nanomaterial. Although each
differs in size scale, they are related by the presence of sp2 graphitic carbon layers.
Single walled carbon nanotubes (SWNTs) comprise single graphene layers rolled
up, while multi walled tubes are also cylindrical entities but consist of multiple layers
such that each nanotube is stacked one outside the other.3 Vapor grown fibers (VGFs)
differ from both SWNTs and MWNTs due to the difference in the graphene lattice; in
unfunctionalized MWNTs and SWNTs the crystal lattice remains unbroken along the
length of the tube. Vapor grown fibers however, are composed of annular graphitic layers
but the layers do not extend along the entirety of the longitudinal axis. It stands to reason
that as the base units for both VGFs and carbon nanomaterials are each composed of
graphitic units, if in a reactor one can produce VGFs, it should also be possible to create
SWNTs and MWNTs upon careful selection of the reaction conditions.
Of the various methods of growth of carbon nanomaterials those using a catalyst
and hydrocarbon source have been the most studied.4 The process of making carbon
nanomaterials often centers on the use of a transition metal catalyst to decompose a
hydrocarbon source and recombine carbon into a nanotube product. The choice of
hydrocarbon can influence the nature of the product due to the rate of decomposition into
CxHy adducts that are suitable to the production of nanotubes. Additionally the C/H
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ratio, or the presence of functional groups and the physical properties of the carbon
source,5 can influence the type of the carbon products that are formed. For example,
toluene has been previously reported for the synthesis of MWNTs using a spray pyrolysis
CVD method similar to work done by Liu and co-workers.6 Cyclopentane has been used
to prepare MWNTs filled with ferromagnetic materials in a liquid phase CVD reaction,
whereby the residual iron from the ferrocene can be encapsulated within the inner wall of
the MWNT.7 Hexane has been used for the synthesis of vertically aligned MWNTs in the
spray pyrolysis technique.8 But in other work it was found that hexane tended to produce
carbon flakes when liquid phase pyrolysis was carried out in the presence of a MgO-Fe
catalyst,9 thus highlighting the importance of the catalyst to nanotube products created.
Cyclohexane was shown to be active in the formation of both SWNTs and MWNTs
depending on the reaction conditions. For example, when grown in the presence of an
argon atmosphere the product tended to be MWNT, but when grown in a hydrogen
environment the product was found to contain more SWNTs.9 Benzene has been used to
produce a variety of carbon nanomaterials that range from SWNTs,10 MWNTs,9,11 and
also DWNTs.12
The process for making nanotubes by CVD has been widely adopted due to the
scale of synthesis and the degree of control toward the carbon products. Initially CVD
was a technique commonly used for the production of carbon filaments when in 1890
French scientists passed cyanogens over red-hot porcelain.4 Since that time numerous
researchers have used CVD to create ever-finer carbon fibers, to the extent that nanotubes
are now readily produced in a CVD reaction. To date the transition metals iron, cobalt,
and nickel are used predominantly for the growth of nanotubes. In a typical CVD reaction
a hydrocarbon source is decomposed at high temperatures (>500 °C) in the presence of a
transition metal, and higher temperatures favor fewer defects in the nanotube.13
The vapor-liquid-solid (VLS) model has been proposed for CNT growth.14 This
follows the same reaction pathway as the Baker mechanism15 used to describe the growth
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of carbon fibers and filaments. In essence, a carbon source interacts with the surface of a
metal particle at temperatures >500 °C. The carbon dissolves into the metal, and when it
reaches saturation, it precipitates from the particle, which results in the formation of a
CNT/CNF structure. The decomposition of the hydrocarbon source can occur on the
surface of the particle, or in the gas phase prior to interaction with the metal particle.
Therefore the choice of hydrocarbon species can influence both the growth rate and type
of product, as the decomposition of various hydrocarbons occur differently, each reacting
differently upon the catalyst particle during tube growth. For this reason it has been
suggested that carbon precursors with sp and sp2 carbons are most efficient at creating
nanotubes,5 to the extent that it is essential for carbon sources to decompose to sp and sp2
carbon species in order for the growth of carbon nanomaterials to occur successfully.
The essential difference in the process for making VGFs as compared with carbon
nanomaterials lies with the catalyst dimensions being of nanometric scale, essentially
acting as a template that spatially limits the diameter of the carbon product. To this end
there have been extensive studies of the relative effectiveness of different catalysts with
regard to size16 and composition.17,18 We have recently reported the effects of changing
the hydrocarbon to hydrogen ratio in controlling the rate of growth as well as the partition
between growth and etching of the CNT.19,20 This has been previously demonstrated in
the process of carbon fiber and carbon filament production.15
The desire to produce a particular type of carbon nanomaterial (i.e., SWNTs,
MWNTs, carbon nanofibers, or graphene) has meant that researchers have focused on
that goal rather than exploring the variations possible through reaction control. We are
interested in understanding the production of carbon materials with a graphitic nature; as
such we have undertaken the production of carbon nanomaterials and carbon fibers. Our
goal is to understand the method by which specific materials can be produced. To this
effect Hepp and co-workers21 have reported an injection reactor design that allows for the
investigation of the variation in growth temperature, catalyst precursor concentration,
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hydrocarbon:hydrogen ratio, and the identity of the hydrocarbon source. We report herein
an attempt to define a catalysis ‘process map’ regarding the growth of carbon nanotubes
and nanofibers.

Results and Discussion
Carbon nanomaterials were grown under a range of conditions as outlined in
Table 5.1. The yield of each reaction was determined and the product characterized with
regard to catalyst composition, carbon nanomaterial identity and purity. Since all samples
look identical at the macroscopic level (a lightweight black powder, as shown in Figure
5.1), a range of characterization techniques were employed.

Figure 5.1. Typical examples of MWNT samples prepared by injection CVD. Grown
using toluene as the hydrocarbon source, with (a) 13 wt% ferrocene concentration at 1
mL.h-1, (b) 13 wt% at 3 mL.h-1, (c) 5 wt% at 1 mL.h-1, and (d) 5 wt% at 3 mL.h-1. All
growth runs were carried out with a growth temperature of 700 °C.

In order to determine the percentage of residual catalyst in the sample and also the
identity of the carbon material thermogravimetric analysis (TGA) was performed. Carbon
materials burn at 400-600 °C, and the residue is the oxide of the metal catalyst used: in

136
Table 5.1. Summary of reaction conditions.

Reaction

Temperature
(°C)

Carrier
gas flow
rate
(L.min-1)

Injection
rate
(mL.hr-1)

[Ferrocene]
(wt%)

Hydrocarbon

1

500

1000

5

1

toluene

2

600

1000

5

1

toluene

3

700

1000

5

1

toluene

4

800

1000

5

1

toluene

5

900

1000

5

1

toluene

6

700

3000

5

1

toluene

7

700

5000

5

1

toluene

8

700

1000

1

1

toluene

9

700

1000

9

1

toluene

10

700

1000

13.1

1

toluene

11

700

1000

1

3

toluene

12

700

1000

5

3

toluene

13

700

1000

9

3

toluene

14

700

1000

13.1

3

toluene

15

700

1000

5

1

cyclopentane

16

700

1000

5

1

methylcyclopentane

17

700

1000

5

1

benzene

18

700

1000

5

1

cyclohexane

this case Fe2O3. By comparison of mass readings before and after a TGA run, the iron
percentage in the sample can be determined.23,24 An example of a typical TGA for the
reaction product is shown in Figure 5.2.
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Figure 5.2. Typical TGA curve for a sample grown using benzene as the hydrocarbon
source, with an injection rate of 1 mL.h-1, a growth temperature of 700 °C, and a
ferrocene concentration of 5 wt%.

In addition to the determination of the catalyst residue, the TGA can provide
information as to the nature of the carbon nanomaterial. The first derivative of the TG
curve can be used to determine the precise temperature at which the decomposition
occurred, which is expected to change according to the stability of the compound being
analyzed. As such this can be used as a quick-analysis technique to characterize the
nanocarbons that were present. The TGA instrument was calibrated using known pure
samples of purified HiPCO SWNT, MWNTs, CNFs, and graphite (Figure 5.3). The most
stable compounds decompose at higher temperatures, for example graphite at 893 °C.
SWNTs and CNFs show a single, and lower, decomposition temperature: 500 °C
and 531 °C, respectively. Purified samples of MWNTs show a series of decomposition
temperatures at 525 °C. Typical calibration plots of TGA are shown in Figure 5.3. Based
on the comparison of the detected decomposition temperature for the reaction products
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Figure 5.3. TGA calibration plots for (a) SWNTs, (b) MWNTs, (c) VGFs, and (d)
graphite.

compared with the calibrated values for each carbon nanomaterial, the samples were
evaluated for the presence of SWNTs, MWNTs, and CNF. Raman spectroscopy (Figure
5.4), SEM, and HRTEM were used to confirm these assignments.
Raman spectroscopy can be used to determine the quality of the nanotubes by
comparison of the G peak and D peak intensities (Figure 5.4a and 5.4b). The stretching
mode (G mode) is associated with tangential displacement C-C bond stretching motions
in the 1500 - 1600 cm-1 range. G band is a tangential stretching mode (E2g symmetry)
meaning atomic displacements occur along the circumferential direction.25 The D, or
disorder mode, observed at 1290-1330 cm-1 depending on the Raman excitation laser
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Figure 5.4. Raman spectra of (a) HiPco SWNTs, (b) MWNTs, and (c) graphene.

wavelength, is the A1g symmetrical stretch originating from crystallinity disorders and
lattice imperfections. As such it represents conversion of carbon centers from sp2 to sp3
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hybridization states, which represents a break in the symmetry of the graphite plane.26
Thus, the G/D ratio is often used as a good indicator of quality in bulk samples since a
large G peak relative to the D peak means good resonance condition, and signals the
presence of graphitic carbon. MWNTs produce a high intensity G band but the multi peak
feature is not clear due to large tube sizes (Figure 5.4b). G’ corresponds to disorder
induced carbon features arising from finite particle size distribution or lattice distortion.
Representative Raman spectra are shown in Figure 5.5.
The non-nanotube peaks in the Raman spectra (224, 226, 290, 404, 406, 409, 605,
607, and 609 cm-1) were found to match closely with iron oxide peaks, particularly from
the hematite (Fe2O3) phase,27,28 with the exception of the peak at 290 cm-1 that could also
be classified as a peak from lepidocrite.29 Low frequency range peaks represent oxidized
iron in the product (Figure 5.5b). High frequency peaks mean that several iron
nanoparticles failed to nucleate into nanotubes. High frequency peaks are seen in all
samples except 5 wt% at 1 mL.hr-1 suggesting this sample has the highest purity; for this
reason these conditions were adopted in subsequent reactions. Initially it was thought that
the low frequency peaks could originate from the radial breathing modes of SWNTs
present within the sample. However, upon further scrutiny using Raman laser of
wavelength 514 nm and 785 nm, the peaks were found to be still present. The RBM
peaks are a strong indicator of the presence of SWNTs as they originate from resonance
conditions between radial oscillations about the diameter of a SWNT as it couples to
specific incident photon energies. The presence of the peaks at near identical
wavenumbers indicated they originate from the presence of oxides as opposed to the
RBM of SWNTs. Because the peaks were present at the same frequencies in the spectra,
but measured using different incident energies, we have assumed these peaks to be
caused by iron oxides.
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Figure 5.5. Representative Raman spectra of the products formed using a ferrocene
concentration of 5 wt% in toluene (a) with an injection rate of 1 mL.h-1, a growth
temperature of 800 °C, and (b) with an injection rate of 1 mL.h-1, a growth temperature of
600 °C. Peaks due to iron oxide are designated with *.

Effect of growth temperature. Using a constant ferrocene concentration (5
wt%), hydrogen flow rate (1 L.min-1), and injection rate (1 mL.h-1) samples were grown
with toluene at various temperatures from 500-900 °C (see Table 5.1). Figure 5.6 shows a
plot of the total isolated yield as a function of growth temperature. As may be seen, at
lower temperatures the yield is low, but above 600 °C there appears a linear increase in
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Figure 5.6. Plot of isolated product as a function of the growth temperature for samples
formed using toluene, with an injection rate of 1 mL.h-1, a ferrocene concentration of 5
wt%, and a carrier gas flow rate of 1 L.min-1.

yield as a function of temperature. However, at 900 °C the yield again decreases. This
latter effect appears to correlate to the premature pyrolysis of the carbon source around
the inlet of the reaction zone and the formation of graphite layers that cannot be removed
from the sidewalls of the chamber. The highest isolated yield represents a conversion
yield of 17% for all carbon in the reactor. The increased yield as a function of reactor
temperature is expected based upon the kinetics of toluene decomposition,30-32 while the
lower limit of growth of 600 °C can be associated with the formation of a catalyst particle
(i.e., Fe nanoparticle) from the reduction of a pro-catalyst iron species formed upon
thermolysis of the ferrocene. The catalyst particle would be expected to be a mixture of
FeOOH and carbon.33
The morphology of the product varies with deposition temperature. Figure 5.7
shows images for each deposition temperature, each at two magnifications. Growth at
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Figure 5.7. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 1 mL.h-1, a ferrocene concentration
of 5 wt%, a carrier gas rate of 1 L.min-1, and growth temperatures of 500 ºC (a, b), 600 ºC
(c, d), 700 ºC (e, f), 800 ºC (g, h), and 900 ºC (i, j). Scale bars are 50 µm (a, c, e, and g)
and 5 µm (b, d, f, h, and j), and 500 µm (i).
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500 °C occurs exclusively on the silicon wafer substrates (Figure 5.8a and 5.8b) since the
yield is so low. At 600 °C and above, product is formed throughout the chamber and is
isolated as self-standing nanotube carpets (Figure 5.7c, e, g, and i). Figure 5.8 show highresolution images suggesting MWNTs represent the majority of the product; as is also
confirmed from TGA and Raman spectroscopy. However, a few CNFs are seen in the
samples grown at intermediate temperatures, see Figure 5.7f. It may also be seen that the
alignment and the density of the MWNT carpet increases with increased deposition
temperature. In all cases, clumps of iron oxide catalyst residue may be seen.

Figure 5.8. High resolution TEM images of the product (sample 3) from growth runs
carried out using toluene with an injection rate of 1 mL.h-1, a ferrocene concentration of
5 wt%, a carrier gas rate of 1 L.min-1, and growth temperatures of 700 ºC, showing (a)
MWNTs as formed from iron catalyst, and (b) the presence of carbon nanofiber with
catalyst present inside fiber centre.

The TGA analysis of the samples grown between 600 and 900 °C with an
injection rate of 1 mL.h-1, and a ferrocene concentration of 5 wt%, show a decomposition
point at approximately 560 °C associated with MWNTs (Table 5.2) in agreement with the
SEM results. Furthermore, the Raman spectra show peaks associated with MWNTs. A
measure of the purity is indicated by the G:D ratio. Figure 5.9 shows a plot of the G:D
ratio as a function of the growth temperature, showing an increase in the G:D ratio with

145
increasing growth temperature. This increased G:D ratio may be associated with the
increased purity of MWNTs associated with annealing of defects either during or post
growth. An increased G:D ratio could also be associated with the presence of carbon
soot; however, SEM does not show any such material, and TGA data is not consistent
with soot formation.

Table 5.2. Summary of TGA characterization of carbon nanomaterials.

Reaction

Temperature

Proposed material

(°C)

from TGA

Observed in SEM

8

528 & 563

CNF, MWNT

CNF, MWNT

3

628

CNF, MWNT

MWNT

9

530

SWNT, MWNT or CNF

MWNT, CNF

10

597

CNF

iron oxide, amorphous carbon

11

539

MWNT

nanofibers MWNT

12

560

MWNT

MWNT, iron oxides

13

504

SWNT, MWNT

MWNT, CNF

14

539

CNF

iron oxide, amorphous carbon

Effect of carrier gas flow rate. Using a constant ferrocene concentration (5
wt%), growth temperature (700 °C), and injection rate (1 mL.h-1), samples were grown
with toluene at hydrogen carrier gas flow rates (see Table 5.1). It should be noted that
changing the carrier gas flow rate would change the residence time of the carbonaceous
precursor in the hot zone of the furnace. As a result, changes in carrier gas flow rate not
only change the apparent abundance of hydrogen, but in principle the extent of thermal
rearrangements possible for a given hydrocarbon in the given reactive atmosphere.
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Figure 5.9. Plot of G:D ratio as a function of the growth temperature for samples formed
using toluene, with an injection rate of 1 mL.h-1, a ferrocene concentration of 5 wt%, and
a carrier gas flow rate of 1 L.min-1.

However, with regard to the latter effect, the gas phase rearrangements (decomposition of
the hydrocarbon) are sufficiently fast that the changes in flow rate are inconsequential,
especially as the flow rates equate to a residence time of between 10-60 s.
Figure 5.10 shows a plot of the isolated product yield as a function of carrier gas
flow rate. As may be seen, the isolated yield shows small, but non-linear, dependence on
flow rate. The highest isolated yield represents a conversion yield of 5% for all carbon in
the reactor. From TGA measurements the percentage of iron, the residual catalyst
oxidized upon exposure to air, may be determined. Figure 5.11 shows a plot of the iron
content as a function of carrier gas flow; as with the temperature dependence they are
inversely related. The iron content as a function of carrier gas flow is inversely related to
the total product yield.
The morphology of the product varies with deposition temperature. Figure 5.12
shows images for each carrier gas flow rate, each at two magnifications. In each case
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Figure 5.10. Plot of isolated product as a function of the carrier gas flow for samples
formed using toluene, with an injection rate of 1 mL.h-1, a ferrocene concentration of 5
wt%, and a growth temperature of 700 °C.

Figure 5.11. Plot of percentage of iron residue as a function of the carrier gas flow for
samples formed using toluene, with an injection rate of 1 mL.h-1, a ferrocene
concentration of 5 wt%, and a growth temperature of 700 °C.
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Figure 5.12. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 1 mL.h-1, a ferrocene concentration
of 5 wt%, a growth temperature of 700 ºC, and a carrier gas flow rate of 1 L.min-1 (a, b),
3 L.min-1 (c, d), and 5 L.min-1 (e, f). Scale bars are 20 µm (a, c, and e) and 2 µm (b, d, and
f).
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nanotube carpets are formed; however, for 3 L.min-1 (c, d), and 5 L.min-1 the carpets
show a rippled morphology.
The TGA analysis of the samples grown at different flow rates show a
decomposition point at approximately 550 °C associated with MWNTs (Table 5.2) in
agreement with the SEM results. The G:D ratio obtained from the Raman spectra (Figure
5.13) shows no significant trend, and in fact exhibits a much smaller variation (!G:D =
0.35) than is observed as a function of temperature (!G:D = 1.8, c.f., Figure 5.9).

Figure 5.13. Plot of G:D ratio as a function of the carrier gas flow for samples formed
using toluene, with an injection rate of 1 mL.h-1, a ferrocene concentration of 5 wt%, and
a growth temperature of 700 °C.

Effect of precursor concentration. Using a constant growth temperature (700
°C), injection rate (1 mL.h-1), and hydrogen carrier gas flow rate (1 L.min-1), samples
were grown with toluene using a ferrocene concentration of 1, 5, 9, and 13 wt% (see
Table 5.1). Figure 5.14 shows a plot of the isolated product yield as a function of
precursor concentration. As the pro-catalyst concentration is increased, the yield

150
increases in a linear manner until it reaches a critical concentration, above which the
yield increases dramatically. This observation suggests that at each concentration a
majority of the droplets contain sufficient pro-catalyst to create particles of Fe of
sufficient size for growth. The highest isolated product correlates to a yield of 38%. Since
the yield increases with increased catalyst concentration this suggests that the reaction is
not mass transport limited but catalyst site limited.

Figure 5.14. Plot of isolated product as a function of the ferrocene concentration for
samples formed using toluene, with an injection rate of 1 mL.h-1, a carrier gas flow rate of
1 L.min-1, and a growth temperature of 700 °C.

The morphology of the product varies with precursor concentration. Figure 5.15
shows images for each precursor concentration, each at two magnifications. At the lowest
catalyst concentration the sample shows only a small amount of MWNTs (Figure 5.15a
and 5.15b). At 5 wt% MWNTs are the predominant material formed; however, at 9 wt%,
CNFs with diameters of 60-600 nm predominate. Finally, at the highest concentration the
product appears to be comprised of oxide particles and amorphous carbon, which is
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Figure 5.15. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 1 mL.h-1, a carrier gas flow rate of
1 L.min-1, growth temperature of 700 ºC, and a ferrocene concentration of 1 wt% (a, b), 5
wt% (c, d), 9 wt% (e, f), and 13 wt% (g, h). Scale bars are 5 µm (a, c, e, and g) and 500
nm (b, d, f, and h).
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confirmed by Raman spectroscopy and TGA (Table 5.2). The G:D ratio obtained from
the Raman spectra shows a significant dependence on the precursor concentration (Figure
5.16), decreasing with increasing precursor concentration, consistent with the different
species formed (c.f., Figure 5.16).

Figure 5.16. Plot of G:D ratio as a function of ferrocene concentration for samples
formed using toluene, with an injection rate of 1 mL.h-1, a carrier gas flow of 1 L.min-1,
and a growth temperature of 700 °C.

For the growth of SWNTs, it is proposed that the nanoparticle needs to be ca. 50 200 metal atoms (1 - 100 nm).34 The size of the catalyst is also thought to affect the
diameter of the nanotubes grown.35,36 While this may not always be true for SWNTs per
se,16 it is found that larger catalyst particles are required for MWNT and CNF growth.37
Assuming a droplet of solution equal to the diameter of the needle, it is estimated that the
precursor solution droplets will be approximately 418 nL in volume. For a solution of 1
wt% this equates to an iron particle (upon reduction by hydrogen) of approximately 140
nm in diameter. A catalyst particle of this size would be appropriate for the growth of a
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CNF in the range observed (see above). However, given that many of the MWNTs
observed are smaller in diameter (ca. 10 nm) requiring smaller diameter catalyst particles,
it would suggest that the solution is aspirated upon injection. Thus, the rate of injection
would be expected to affect the morphology of the carbon nanomaterial.

Effect of precursor injection rate. The injection rate of the ferrocene/toluene
solution into the hydrogen carrier gas will have two effects. First, it will alter the C:H
ratio, i.e., a higher injection rate will result in a higher C:H ratio in the reaction chamber.
Second, it will alter the Fe:H ratio, i.e., a higher injection rate will result in a higher Fe:H
ratio in the reaction chamber. We have previously shown that the C:H ratio in the growth
zone has a significant effect on the growth rate of SWNTs,19,20 while a high Fe:H ratio
may result in incomplete reduction of the Fe-containing pro-catalyst.
Using a constant growth temperature (700 °C), and hydrogen carrier gas flow rate
(1 L.min-1), samples were grown with toluene using a ferrocene concentration of 1, 5, 7,
and 13 wt% with injection rates of 1 and 3 mL.h-1 (see Table 5.1). Figure 5.17 shows a
plot of the total isolated product yield as a function of precursor injection rate. The yield
is generally lower with higher injection rates. This is consistent with a higher C:H ratio
resulting in a lower yield (i.e., lower growth rate). The highest isolated yield represents a
conversion yield of 38% for all carbon in the reactor. Of all the parameters investigated
this appears to make the greatest impact on the conversion of the hydrocarbon to
MWNTs.
The morphology of the product varies with precursor injection rate. Figure 5.18
shows images for samples prepared with an injection rate of 3 mL.h-1, each at two
magnifications. These should be compared with their opposite numbers in Figure 5.15 for
samples grown with an injection rate of 1 mL.h-1. At the lowest catalyst concentration (1
wt%), increasing the injection rate results in changing of the product from MWNTs
(Figure 5.18a and b) to CNFs and larger VGFs (Figure 5.18a and 5.18b). At a precursor
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concentration of 5 wt% the formation of MWNTs occurs irrespective of injection rate.
However, Raman spectroscopy and TGA suggest that the sample prepared with a higher
injection rate also contain SWNTs or SWNT-like nanotubes (see below).

Figure 5.17. Plot of isolated product (g) as a function of ferrocene injection rate (mL.h-1)
for samples formed using toluene, a carrier gas flow rate of 1 L.min-1, a growth
temperature of 700 °C, and various ferrocene concentrations.

Whereas samples grown with a precursor concentration of 9 wt% and an injection
rate of 1 L.min-1 were comprised of large diameter CNFs (Figure 5.19e and 5.19f), those
grown with an injection rate of 3 L.min-1 and comprised of MWNTs (Figure 5.19e and
5.19f). Thus, the formation of MWNTs is favorable at the higher injection rates. Finally,
at the highest precursor concentration (13 wt%) the injection rate does not appear to alter
the identity of the product (see Figure 5.18h versus Figure 5.15h). This appears counter to
the results at an injection rate of 1 mL.h-1. However, we believe that this is indicative of
an island of reactivity associated with the optimum catalyst concentration within the

155

Figure 5.18. SEM images showing both low and high magnification images of growth
runs carried out using toluene with an injection rate of 3 mL.h-1, a carrier gas flow rate of
1 L.min-1, growth temperature of 700 ºC, and a ferrocene concentration of 1 wt% (a, b), 5
wt% (c, d), 9 wt% (e, f), and 13 wt% (g, h). Scale bars are 10 µm (a, c, e, and g) and 0.5
µm (b, d, f, and h).
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chamber that enables MWNTs to be grown, see below. Finally, at the highest precursor
concentration (13 wt%) the injection rate does not appear to alter the identity of the
product (see Figure 5.19h versus Figure 5.16h). The SEM characterization is consistent
with the TGA analysis (Table 5.2). As with the yield, the G:D ratio obtained from the
Raman spectra shows a decrease with increased injection rate (Figure 5.19).

Figure 5.19. Plot of G:D ratio as a function of the precursor injection rate for samples
formed using toluene, a carrier gas flow of 1 L.min-1, a growth temperature of 700 °C,
and various ferrocene concentrations.

Effect of hydrocarbon precursor. It has been previously reported that the
growth of carbon nanotubes under a particular condition is dependent on the identity of
hydrocarbon precursor. Factors that can control the efficiency of a particular hydrocarbon
precursor for nanotube growth include the temperature and/or rate of decomposition and
identity of the thermolysis fragmentation products. It has been proposed that “C2”
fragments such as C2H2 are adventitious to the formation of SWNTs.38-40 In order to
determine the effects of the hydrocarbon, samples were grown using toluene (C6H5CH3),
benzene (C6H6), cyclopentane (C5H10), methylcyclopentane (C5H9CH3), and cyclohexane
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(C6H12). The choice of cyclohexane and benzene allowed for a comparison of aromatic
and aliphatic hydrocarbons, while cyclopentane and cyclohexane allowed for comparison
of C5 and C6 precursors. Finally, the comparison of benzene versus toluene and
cyclopentane versus methylcyclopentane allows for the effect of methyl substitution to be
investigated. We have previously shown that for the metal organic chemical vapor
deposition of metal carbides such as NbC the use of methyl substituted ligands in-place
of unsubstituted ligands promotes carbide formation.41,42
Samples were grown using constant growth temperature (700 °C), injection rate
(1 mL.h-1), hydrogen carrier gas flow rate (1 L.min-1), and ferrocene concentration (5
wt%), see Table 5.1. Figure 5.20a shows bar graph of the mass of isolated product as a
function of hydrocarbon precursor. Benzene shows the highest yield with cyclopentane
the lowest. The adjusted yields as a function of carbon in the reactor are shown in Figure
5.20b. It is interesting to note that adjusted for density and carbon content, the growth
yield using cyclohexane, methylcyclopentane, and toluene are essentially identical
suggesting that the growth is limited by the catalyst concentration and injection rate
rather than the decomposition kinetics of the hydrocarbon. Conversely, the significantly
higher yield associated with benzene (19%) suggest that it has a more favorable
decomposition under the present conditions. However, we note that the optimized growth
for toluene is 38% isolated yield, and thus, the yield from benzene may be improved
further through optimization of growth temperature and catalyst concentration. As may
be seen from Figure 5.20, it appears that the hydrocarbons fall into two groups: benzene
and the rest. We note that benzene has previously shown to be a suitable precursor for
SWNTs,10 MWNTs,11 and double walled carbon nanotubes (DWNTs):12 in each case high
yields were observed.
The morphology of the product as a function of hydrocarbon precursor is shown
in Figure 5.21. Under these growth conditions, each sample comprises dense carpets of
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Figure 5.20. Plot of (a) isolated product and (b) reaction yield as a function of the
hydrocarbon precursor for samples formed using an injection rate of 1 mL.h-1, a carrier
gas flow of 1 L.min-1, a growth temperature of 700 °C, and a ferrocene concentration 5
wt%.

MWNTs with a few CNFs shown in some of the images. The G:D ratio obtained from the
Raman spectra shows a significant dependence on the precursor identity with
cyclohexane being the best and toluene the worst (Figure 5.22). It is interesting to note
that in each case the methyl substituted derivatives show lower G:D ratio than the
unsubstituted precursors.
Given that all other factors with the reactions are the same (Table 5.1), and the
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Figure 5.21. SEM images showing both low and high magnification images of growth
runs carried out using (a, b) cyclopentane, (c, d) methylcyclopentane, (e, f) cyclohexane,
(g, h) toluene, and (i, j) benzene with an injection rate of 1 mL.h-1, a carrier gas flow rate
of 1 L.min-1, a growth temperature of 700 ºC, and a ferrocene concentration of 5 wt%.
Scale bars are 100 µm (a, c, e, and g) and 5 µm (b, d, f, and h).
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concentration of the hydrocarbon is significantly greater than the catalyst concentration,
we propose that the dependence of the yield on the identity of the hydrocarbon suggests
that the rate limiting step is associated with the decomposition of the hydrocarbon rather
than the dissolution (and precipitation) of carbon in the catalyst particle or mass transport
within the chamber. Thus, we propose that the yield should be a function of the
decomposition kinetics of the thermal decomposition of the hydrocarbon to suitable
fragments (usually assumed to be C2 units)39,40 for the growth of nanotubes from the
catalyst. In this regard, the thermal decomposition of benzene,43 toluene,30-32
cyclopentane,44 methylcyclopentane,45 and cyclohexane46,47 are well understood.
Excluding a discussion of benzene (see below), we can consider the known
pathways for thermolysis of each hydrocarbon. Toluene is known to decompose through
either benzyl radical (Eq. 5.1) or phenyl radical (Eq. 5.2) formation;31,32 however, the
former predominates at the temperatures studied for the present experiments. The benzyl
radical undergoes subsequent decomposition, Eq. 5.3 and 5.4.

Figure 5.22. Plot of G:D ratio as a function of the hydrocarbon precursor for samples
formed using an injection rate of 3 mL.h-1, a carrier gas flow of 1 L.min-1, a growth
temperature of 700 °C, and a ferrocene concentration (5 wt%).
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C6H5CH3 ! C6H5CH2• + H•

(5.1)

C6H5CH3 ! C6H5• + CH3•

(5.2)

C6H5CH2• ! C5H5 + C2H2

(5.3)

C6H5CH2• ! C3H3 + C4H4

(5.4)

Cyclopentane is known to decompose via the isomerization to 1-pentene with
subsequent decomposition to propylene and ethylene.44 Cyclohexane is known to
decompose by the formation of ethylene (C2H4) and butadiene (C4H6) (Eq. 5.5), although
direct cleavage is also proposed (Eq. 5.6).

C6H12 ! C2H4 + C4H6

(5.5)

C6H12 ! 2 C3H6

(5.6)

Finally, the decomposition rates for methylcyclopentane and cyclohexane are
known to be very similar, but with an increased formation of propene.45 Thus, for each
compound, thermal decomposition results in fragmentation to C2 – C5 fragments. As was
noted above, it has been proposed that C2 fragments (such as C2H2) are the direct
precursor for nanotube growth from a catalyst surface.39,40 Thus, we propose that the
growth rate of a nanotube from these precursors (as measured by the isolated product
yield) should be dependent on the relative decomposition rates of the hydrocarbon. While
a direct comparison among all four hydrocarbons is difficult to make, there are two
comparisons that can be made. First, of the compounds studied, cyclopentane shows the
lowest yield (hence slowest growth rate). Cyclopentane is also the only compound that
undergoes an isomerization prior to decomposition. The rate of this isomerization in
comparison with the rate of thermal decomposition of cycloalkanes is known to be
significantly lower;44 thus, it would be expected to show the worst yield, which it does.
Second, the decomposition rates for methylcyclopentane and cyclohexane are known to
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be very similar.45 From Figure 5.20 it can be seen that the yield, and hence MWNT
growth rate, are the same for these precursors.
As discussed above, each of the other hydrocarbons studied decompose to give
C2, C3 and C4 fragments that will in turn decompose, either in the gas phase, or on the
catalyst particle surface, to give the C2 units associated with nanotube growth. However,
over the temperature range studied, benzene has been shown to decompose directly to the
formation of carbon and H2 or through diphenyl and diphenylbenzene43 to condensation
products containing three or more benzene rings.43,48 At the growth temperature used in
the present studies (700 °C) the partition between these reactions is about 1:1. The direct
(one step) formation of carbon that can be used to grow nanotubes, rather than the
intermediate formation of secondary Cn reactants (as with the other hydrocarbons), is
consistent with high yield and hence high growth rate. Additionally, the fused nature of
diphenylbenzene would suggest that this could also be a suitable precursor to nanotubes.
Furthermore, the known binding of these compounds to nanotube walls49 could also
contribute to the formation of MWNTs. Thus, we propose the increased growth rate (as
measured by higher yield) for benzene as compared for other hydrocarbon precursors
studied is due to the direct decomposition to carbon rather than indirect formation of
carbon precursors.
A consideration of the decomposition products for each hydrocarbon can also be
made with regard to the G:D ratio observed for the MWNT products, in particular, C2
versus other fragments. The products with the highest G:D ratio are formed from
cyclohexane which directly forms C2H4, the next highest is from cyclopentane that
decomposes to give a mixture of propylene and ethylene. Methylcyclopentane is known
to produce more propylene than the equivalent reaction for cyclohexane, and the products
have a lower G:D ratio (Figure 5.22). Finally, toluene decomposition results in C2 – C5
products and its products show the lowest G:D ratio. Thus, we propose that the highest
purity nanotube products are formed with precursors that produce the highest percentage
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of C2 compounds upon decomposition. This is consistent with prior studies on the ideal
direct reagent for nanotube growth.

Conclusions
As may be expected from a simple kinetic model, the yield of nano carbon
products (i.e., CNF, MWNTs, and SWNT-like material) increases with increased growth
temperature and catalyst concentration. Unexpectedly the yield is decreased with
increased injection rate (i.e., decrease with higher C:H ratio). We have previously
reported that SWNT yield is highly dependent on hydrocarbon:H2 ratio. For growth with
methane the optimum is observed at 60:40 CH4:H2 ratio. The observation that under the
conditions studied, the yield decreases with higher C:H ratio suggests that an even higher
yield can be obtained with lower injection rates or higher H2 content in the carrier gas.
The effect of the carrier gas flow rate on yield appears to be defined by an optimum value
that we propose is a function of the shape and size of reaction chamber.
The purity of the grown products (as measured by the ratio of the G and D peaks
in the Raman spectra) increases with increased growth temperature and increased carrier
gas flow, but decreases with increased catalyst concentration and increased injection rate.
We propose that the latter results from a higher C:H ratio causing greater defects during
growth.
We have shown that of the experimental variables studied, the morphology is
most affected by the C:H ratio (as controlled by the injection rate) and the catalyst
precursor concentration. In this regard, Figure 5.23 shows a schematic of the “phase
diagram” of carbon products as a function of the injection rate and ferrocene
concentration. We propose that an understanding of this product profile will allow for
better control over desired products.
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Figure 5.23. Schematic representation of the products formed as a function of catalyst
concentration and injection rates.

Finally, under a particular set of growth conditions the identity of the hydrocarbon
source makes a significant impact on the yield and purity of the MWNT products.
Unsubstituted cyclic aliphatic hydrocarbons give the highest purity MWNTs, while
benzene results in the highest yield. We propose that these parameters are controlled by
the mechanism and species formed from the vapor phase decomposition of the
hydrocarbon. With this understanding it should be possible to further optimize yield and
purity through an understanding of the decomposition pathways and kinetics of
alternative hydrocarbons.

Experimental Methods
Materials. Ferrocene [Fe(!5-C5H5)2, 98%] was obtained from Sigma Aldrich and
used without further purification. Benzene, toluene, cyclopentane, methylcyclopentane,
and cyclohexane were all purchased from Aldrich and used as received. The dimeric
forms of cyclopentadiene and methylcyclopentadiene were not “cracked” prior to use as
this would occur in the vapor phase at the growth temperatures.22 A standard 13 wt%
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ferrocene solution in toluene was prepared inside a glove box under an argon atmosphere.
Ferrocene (13 g, 69.9 mmol) was dissolved into toluene (100 mL), and the stock solution
was diluted down with toluene to make 1, 5, and 9 wt% precursor solutions. Purified
HiPCO (high-pressure carbon monoxide) SWNTs (Carbon Nanotechnologies Inc.),
MWNTs (Bayer), CNFs (Pyrograf), and graphite (Alfa-Aesar) were used as received. A
gas mixture of 5% H2 with a balance of Ar was obtained from Matheson Tri-Gas and
used as received. The solution was injected into the hot zone of the reaction chamber
using a 9” injection needle obtained from Hamilton Syringe Company (part# 7748-12.
They are metal-hub needles, N726 (26/9/2), 26 gauge, 9" long, point style 2. Quartz tubes
were purchased from GM Associates, part # 6000-53, CFQ tubing, 35x38 mm, 4' lengths,
type 214 (balance type HSQ100) cut to 28” and the ends are lightly fire polished. To
maintain constant injection speed a syringe pump was used (KOS 106).

Nanotube growth. Carbon nanomaterial synthesis was carried out using a
tabletop horizontal tube reactor: Nanotech Innovations SSP-354 (Figure 5.24). For safety,
the gas outlet from the reactor was piped into the laboratory ventilation system; however,
due to the high suction power of the ventilation system, the exhaust tubing was muffled
to maintain atmospheric pressure in the reactor. Three silicon substrates were placed in
the quartz tube evenly through the growth zone. An appropriate volume (3 mL) of the
precursor solution (Table 5.1) was drawn into a clean Hamiltonian syringe with a 0.26
mm diameter needle; then inserted into the reactor. The system was purged with 5%
H2/95% Ar carrier flow gas at 1 L.min-1. The injection furnace was heated to 225 °C, and
the growth furnace heated to the growth temperature (Table 5.1). Once heated, the
precursor was injected at a specific consistent rate (Table 5.1). After the full volume of
the precursor solution was injected, the system was cooled and the flow gas was stopped.
The sample produced was scraped out using a long spatula and the yield was measured.
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Figure 5.24. Schematic diagram of the experimental setup for the injection CVD system.

Characterization. The iron percentage and nanotube purity were measured using
thermogravimetric differential analysis (TG/DTA)23,24 using ca. 10 mg of sample placed
in a platinum pan and heated under ambient conditions up to 800 °C. The ramp rate was 5
°C.min-1 and hold time was 30 min at 765 °C. The sampling interval was set for 3 sec.
The composition of the CVD grown product was analyzed using a Renishaw inVia
Raman Microscope, at 633 nm wavelength, using a 50x LWD lens; data was acquired
with 3 accumulations between 100 cm-1 and 3300 cm-1 with cosmic-ray background
removal applied. The G’ peak was often the most prominent and so it was used to
calibrate the laser spot to maximize signal intensity at the detector. Scanning electron
microscopy (SEM) was carried out using FEI Quanta 400 by placing samples on doublesided carbon tape that is fixed to aluminum SEM stubs (used as received). Images were
acquired at a typical operating voltage of 20 kV, with a working distance of 10 mm, spot
size 3 in Hi-VAC mode.
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Chapter 6

Silver Nanotechnology as a Doorway to Science Education and PracticeBased Learning

Introduction
Nanotechnology is now a well-established research area, with its own array of
academic journals, yet as an educational discipline it is still emerging. How
nanotechnology is taught across educational levels will make a significant impact in the
future since this discipline will require insight and imagination from a new generation of
scientists. Nanotechnology is a fresh approach to looking at scientific problems; in a
manner of speaking it adds freshness to the sciences that can all too often appear as
stagnant and boring to today’s youth. Nowhere is this needed more than where the
number of students following science, technology, engineering, and mathematics (STEM)
courses is decreasing.1,2,3 Nanotechnology thus represents a new and exciting way to
stimulate a student’s imagination. I have found that once you get through to their
imagination then they are more likely to become interested in problem solving. It would
be desirable to develop a laboratory protocol that would allow students at various levels
to prepare and characterize nanoparticles, then to use them in other disciplines. In such a
lab protocol, solving problems requires understanding the principles in chemistry through
practice, so they learn to apply chemistry, and not just learn verbatim facts.
Nanotechnology is an all-encompassing discipline; it incorporates understanding
and knowledge from chemistry, physics, and biology. It sits at the crux of these three
science disciplines as shown in Figure 6.1. As a result of this it can be explored from any
one of them, while at the same time it can be understood using a shared understanding
from each of them. We are interested in creating a practical approach for students to
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synthesize a nanomaterial and then be able to investigate the properties as they pertain to
any or all of chemistry, physics, and biology.

Figure 6.1. Venn diagram showing nanotechnology at the crux between chemistry,
physics, and biology, as well as some of the concepts that can be integrated into a nanobased curriculum.

Nanoparticle synthesis can be accomplished from either the bottom-up (e.g.,
creating nanostructures from individual atoms or molecules) or top-down (e.g.,
chemically degrading macroscopic particles).4 Our goal is to provide a bottom-up
synthesis of a nanoparticle that can be readily characterized by a range of techniques.
These nanoparticles should be stable enough for storage and subsequent use in further
experiments. These nanoparticles can then be probed for their chemical, physical and
biological behavior. In this way a student uses chemistry to understand and learn about
physics and biology as well as chemistry itself, so students extend their knowledge into
principles that were classically confined to separate disciplines, but now they can be
understood through the use of each other; borrowing information from one discipline to
better understand the other.
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The ACS Project SEED summer research program “opens new doors for
economically disadvantaged students to experience what it’s like to be a chemist.” Our
goal in taking part in Project SEED was to develop a series of Lesson Plans that could be
used across any academic level and using readily available and low cost equipment such
that all students get the chance to find out about science and, in particular, chemistry.

Lesson Plan Requirements. When designing this lesson plan, the following
requirements were set: the reaction should be quick and can be completed during one
teaching period; the materials are non-toxic; the naked eye and simple tools, such as a
laser pointer, can be used to highlight when the reaction has come to completion; the
characterization of the materials can be carried out with a quick and inexpensive device
such as a spectrophotometer; most importantly, the reaction demonstrates concepts that
are taught within the scope of a chemistry curriculum, so the reaction can be incorporated
into a chemistry module; finally, the materials and products are water-soluble so that
further studies can be carried out at a later date by using materials that are easily
accessible, i.e., tap water and table salt.
The synthesis of silver nanoparticles was chosen because of prior use in
undergraduate curriculum,5 in addition, it works within a quick time frame; the lab can
last from as short as 5 minutes to as long as 3 hours depending on the goal of the
curriculum and the level of understanding among the students. The reaction can be
carried out at room temperature thus alleviating the need for high temperature glassware,
and fume hoods that some schools do not posses. The reaction itself undergoes several
color changes and this in itself can help hold the attention of students. When the reaction
becomes colloidal beyond a certain size (>40 nm) then a simple laser pointer can be used
to highlight this fact.6 The products are stable over a long period of time and they could
potentially be used in follow up labs at a later time frame, as required.
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Why Silver Nanoparticles? Silver nanoparticles are fast becoming a component
of products that are readily available in supermarkets and stores. They can be found in
clothing to prevent odors and creams to prevent infections. Silver has been known for use
as a healing and antiseptic agent for centuries. For example, the inside of the wine chalice
used for the Catholic congregation are lined with silver in order to prevent the spread of
bacteria when sharing the wine.7 During the First World War silver powder was put on
open wounds to keep them clean from infection.8 Today, silver nanoparticles have
naturally found a great number of applications in sanitation products such as burn creams
and food packaging. They are used in paint in hospitals to prevent the spread of disease,
to line the inside of fridges keeping food fresher and longer lasting, and in socks and
other clothing to kill odor-causing bacteria. Other uses of silver particles include:
chemical sensors,9 for the detection of disease,10,11 and for cancer treatment.12,13 As such
they offer a wide range of potential applications that can be used for education across
multiple disciplines.
The key physical attribute that makes silver nanoparticles suitable for study at a
range of educational levels is the intense color formed by solutions, and the variation of
the color as a function of size and shape of the particle. Unlike nanoparticles made from
compound semiconductors (quantum dots), the color is not an attribute of the band gap,
but due to surface plasmon resonance (SPR).14 Factors that together lead to these
oscillations are: 1) acceleration of the conduction electrons by the electric field of
incident radiation, 2) presence of restoring forces that result from the induced
polarization in both the particle and surrounding medium, and 3) confinement of the
electrons to dimensions smaller than the wavelength of light. As such, silver
nanoparticles absorb light at specific wavelengths according to the size and shape of the
particle, due to the presence of temporary induced dipoles resulting from the polarity and
wavelength of the incident light; that influences electrons on the surface of the
nanoparticles. In small nanoparticles, between 5 and 30 nm for example, there typically
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exists two poles (dipole) about the particle surface. The poles occur when electrons from
the surface as shown in Figure 6.2a are drawn to one end of the particle, leaving a
temporary positive charge on the opposite side as shown in Figure 6.2b, to maintain
charge balance across the entire nanoparticle surface. As the light passes over the particle
the electrons are then drawn to the other side of the particle as shown in Figure 6.2c, and
this process continues back and forth across the particle surface. This system of electrons
sloshing back and forth is known as a plasmon, and the plasmon frequency is found to
have discreet resonance frequencies with the incident light; the whole process is referred
to as surface plasmon resonance (SPR).

Figure 6.2. Schematic representation of how surface plasmon resonance (SPR) of silver
nanoparticles operates. Metal nanoparticles with surface electrons (a) react to incident
light of particular frequency and wavelength (b) by moving to one side of the
nanoparticle, thus creating a dipole. Upon further passage of the light wave across the
nanoparticle the dipole switches sides (c). The light causes the electrons to slosh back and
forth in a positive feedback with the incident light that is resonant with the plasmonic
oscillation of the electrons.

As the particles increase in size the aspect ratio increases and there is a
corresponding change in the resonance wavelength. This causes the system to absorb
light at wavelengths that are shifted compared to smaller particles. Further, larger
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particles can also fit more poles on the surface. A system with four poles is known as a
quadrupole, these quadrupoles can interact with each other in a coherent fashion, but they
typically tend to decrease the intensity of the absorbance due to destructive interference.
In general the smaller particles have a very discreet absorbance, and the larger particles
exhibit broader peaks. Further, the smaller silver nanoparticles have a maximum intensity
centered on 400 nm, and the larger particles tend to be red shifted from there, going to
longer wavelengths (Figure 6.3).

Figure 6.3. Schematic representation showing how the sizes of nanoparticles affect their
plasmonic resonance with respect to incident light. Smaller particles exhibit dipoles that
have a more discreet resonance, and hence more discreet absorbance peak than that of
larger particles that have quadrupoles that have a broader absorbance peak.

Methodology
We initiated our program in a manner similar to the proposed classroom
demonstration by Mulfinger et al.5 as well as the known syntheses of silver
nanoparticles.15,16,17 Herein we describe two basic syntheses for making silver particles.
The reaction scheme centers on the reduction of silver ions, from Ag1 to Ag0 and the

176

difference in the strength of the reducing agent results in a difference of nanoparticle size.
The size regimes vary from approximately 5-30 nm, and from 20-150 nm, which exhibit
colors that are yellow (Figure 6.4a), and milky-white (Figure 6.5a), respectively. The
difference in size occurs because of the strength of the reducing agent being used to
reduce the silver. The stronger reducing agent produces many nucleation sites more

Figure 6.4. Picture showing the color of solutions of silver nanoparticles, as prepared by
Lesson Plan 3 (a), which make nanoparticles that range in size from 10 – 25 nm
nanoparticles, as measured by transmission electron microscopy (b), and a typical UVvisible spectrum from these nanoparticles (c) with peak centered at 400 nm.
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Figure 6.5. Picture showing the color of the solutions made from Lesson Plan 4 using trisodium citrate as a reducing agent, the color is milky-white in solution (a), size range
between 100 -150 nm as measured using a scanning electron microscope (b), and a
typical UV-visible absorbance spectra (c).

rapidly than the weaker reducing agent. Having more nucleation sites means the total
silver content is divided amongst more particles, making each particle smaller. The larger
particles are formed in the second reaction because the reducing agent creates fewer
nucleation sites, as well as this the remaining silver is reduced over a slower period of
time so it tends to aggregate on the nanoparticle surface, causing the nanoparticle to
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expand in size over a period of time. As more silver adds to the nanoparticle surface they
grow in an isotropic manner, and this keeps the spherical shape of the nanoparticle.
The first reaction uses sodium borohydride (SBH, NaBH4) as the reducing agent,
and mercaptosuccinic acid (MSA, I) as the capping agent (Table 6.1). The capping ligand
serve to stabilize the nanoparticle surface, holding the particle in a certain size and shape
as well as limiting agglomeration which would quench the SPR.16 Alteration of the
amount of capping ligand further controls the size of the particles (Figure 6.6).

Figure 6.6. Graph showing the size control of silver nanoparticles based on the molar
ratio of the surfactant to silver concentrations. Nanoparticles were reduced using sodium
borohydride (NaBH4) and capped using mercaptosuccinic acid (MSA). Size
characterization was carried out using small angle X-ray scattering (R2 = 0.875).
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The second reaction involves the addition of tri-sodium citrate (TSC) as both the
reducing agent and capping group.17 This reaction takes a longer time to progress, and it
also needs additional energy in the form of heating (Table 6.1). The initial color change
begins very subtly and over a slower time scale it proceeds to change color. Starting as a
clear solution it turns yellow, then dark brown, and eventually looks a milky white color
(Figure 6.5b). As with the first reaction, the sizes of the particles are controlled by the
concentration of the surfactant, but in this case the surfactant and reducing agent are the
same. As the sodium reduces the silver atoms it releases the citric acid (II), which act as a
capping ligand on the surface of the nanoparticle. Later if so desired the citrate can be
replaced by a stronger binding ligand to give greater stability to the colloids to increase
the shelf life of the product.

In a third reaction triangular platelets are produced (Table 6.1). This method
incorporates chemistry from both of the previous examples. The silver seeds are created
in a very similar manner to method 1, using the SBH. These are then used to seed further
growth into triangles by the addition of more silver nitrate and TSC. The shapes and size
are then controlled by variation of the TCS content (Figure 6.6). This procedure is a little
more involved because several other compounds are required to ensure completion of the
reaction. The silver seeds have a shelf life of up to 6 months so they can be used for
classroom purposes for that period of time before they will need to be recreated.
Additionally, a batch of silver seed solution can supply approximately 10,000 reactions
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with silver seeds, thus many students can gain access to this reaction from one batch of
seed solution.

Table 6.1. Showing the three basic methods used to make the silver nanoparticles, the
average sizes, and for which projects they were used.a
Reaction type

SBH

TSC

SBH+TSC

Lesson plans

1-4

4

5

Synopsis

Fast reduction makes Makes larger particles Make seed particles
smaller particles

by seeded growth

for further use

Capping ligand

MSA

Citrate

Citrate

Range of average

10 - 30

10 - 150

2 - 10

Speed

2 min - 24 hours

1 hour +

2 hour (store in dark)

Tyndall effect

No

Yes

No

Colloidal stability

Yes

Yes

No

Bacterial studies

Yes

No

No

Shaped nanoparticles

No

No

Yes

Protein crystallization

Yes

No

No

particle size (nm)

a

SBH = sodium borohydride (NaBH4); TSC = tri-sodium citrate; MSA =

mercaptosuccinic acid.

Purification of particles for use at a later stage can be achieved by precipitation by
use of a centrifuge or by the simple addition of table salt (NaCl). In the case of the SBH
reduced silver nanoparticles one of the by-products of this reaction is boric acid
[B(OH)3], that causes a change in the pH of the solution. The change in pH can be
enough to screen the nanoparticle charge and force them together, coupled with the
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centrifugal force exerted on them during centrifugation they can be precipitated and then
re-suspended in water with remarkable solubility over an extended period lasting several
months.
In some schools there is the possibility that no centrifuge is available and in this
case the nanoparticles can be purified by the addition of an excess of sodium chloride
solution. The precipitation occurs over night and once the supernatant is removed the
product can be re-suspended using water. In this case it is important to have a capping
ligand on the nanoparticles to prevent them from aggregating irreversibly. The MSA
capped nanoparticles can be re-suspended without any change in their particle size as
demonstrated from UV-visible data (see Figure 6.7). In contrast, the nanoparticles that
are loosely capped with the citrate do not re-suspend in water after they have been
precipitated using the sodium chloride. This was verified using UV-visible spectroscopy

Figure 6.7. UV-visible spectrum of silver nanoparticles made using sodium borohydride
(SBH) and mercaptosuccinic acid (MSA) and precipitated by the addition of sodium
chloride and then re-dissolved after 1-5 weeks, showing that the particle size stays
relatively constant.
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whereby the pellet was sonicated using DI-water but still the solution did not show any
peaks in the UV-visible data, suggesting the nanoparticles were absent, or had coalesced
to larger aggregate forms. We suggest that a capping ligand be applied to these
nanoparticles to sterically prevent them from binding with each other when precipitating
with the sodium chloride solution. In short the table salt purification works best for
nanoparticles created in the protocol for Lesson Plan 3, but can be applied to the other
nanoparticles if they are capped with a surfactant ligand.
With regard to safety, we note that hydrogen gas is produced by the reduction of
silver ions as well as the slow reduction of water by the sodium borohydride at room
temperature. Obvious care should be taken with open flames or ignition sources. The
different reaction conditions are summarized in Table 6.1.

Lesson Plan 1: Houston Children’s Museum demonstration lasting 5 minutes.
The Houston Children’s Museum provides demonstrations in a variety of subjects
to visitors. The age groups of children attending typically range from 2 to 10 years of age
accompanied by either parents or teachers (Figure 6.8).
The reaction is carried out at room temperature using pre-made solutions of silver
nitrate, mercaptosuccinic acid (MSA), and sodium borohydride (SBH), as described in
Table 6.1. The materials used included an Erlenmeyer flask, with a stir bar, and a stir
plate using ordinary tap water as solvent. Separate solutions of silver nitrate,
mercaptosuccinic acid (MSA), and sodium borohydride (SBH) were all prepared to 1
mM using tap water as the solvent. Since the sodium borohydride decomposes in water it
is important that extra should be kept on hand to ensure the reaction goes to completion.
The silver nitrate solution was covered with aluminum foil to protect from degradation
from light. To 50 mL of tap water in an Erlenmeyer flask was added, with moderate
stirring, 10 drops of silver nitrate solution and 20 drops of MSA solutions. To this, 2-5
drops of the SBH solution were added. Over a short period of time the solution color
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changes from light yellow, to dark brown, and finally to black. The reaction takes about
30 seconds to complete once the reducing agent has been added.

Figure 6.8. Photograph showing the interactive set up for Lesson Plan 1 at the Houston
Children’s Museum.

The main attraction is the rapid color change of the solution. A tennis ball can be
used as a guide to demonstrate what a nanoparticle looks like, referring to the spherical
nature of the ball, and the yellow fur coating being akin to the surface functionalized
ligands.

Concepts to be discussed. The main concept for the children and adults to
appreciate is that of the scale of a nanoparticle. This is actually one of the most difficult
concepts for children and adults alike given that the nano scale is smaller than can be
seen. One approach is to start with the scale of nano compared to the scale of a person.
For example, using the example of an arms length to measure one meter. Cut it into 100
pieces and it is a centimeter (10-3) like you can see on a ruler, cut each centimeter into
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1000 and it is a micrometer (10-6), and cut each micrometer into one thousand pieces and
you have a nanometer (10-9). You get them to hold out their arm and imagine that from
the tops of the fingers from arm to arm they first break it down into 100 pieces, and they
get an idea that it is small. But then you ask them to take that small chunk and break it
down another thousand times; it becomes even more clear to them how small it can be.
You tell them that at that scale you have computer chips and electronics technology at the
micron scale, and you are at the same size as some bacteria. But then it is broken down
even further by slicing that piece up another one thousand times and the scale of nano
becomes so small that they can not barely fathom what is going on.

Typical questions. There are two sets of questions that you get from doing the
reaction in this setting, the first is from the parents, and the second is from the children.
Typical questions include:
•

What size is nano?

•

How new is it?

•

Why is it important?

•

What does it look like?

•

Where can I find it?

•

Why does the color change?

•

Is it magic?
When the children see the demonstration they are not as aware of the size and

scale of what it happening. They ask first principle questions. A tennis ball serves as a
useful prop to help with answering these questions because it can represent what a
spherical nanoparticle would look like, and in the case of silver nanoparticles, the yellow
color of the solution and the yellow color of the tennis ball correlate with each other. Ask
them to imagine millions of tennis balls that are much smaller than the eye can see, many
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more tennis balls than there are visible stars in the sky and tell them that the glass is filled
with that many tiny tennis ball looking particles. The usual reply is “wow, that many!”
Many of the parents are amazed to hear about the locations in which silver
nanotechnology can be found, and they are even more interested in the fact that silver
nanotechnology has been in use for some time. One of the better examples to use is in
odor free socks that have silver nanotechnology incorporated within them that is designed
to kill bacteria.18,19 Parents are often not aware that silver technology socks most likely
contain silver nanoparticles, even though several parents have noted that they were aware
of such things on the shelves in supermarkets.
One issue that must be addressed in presenting the experiment is that the
appearance of the reaction depends on the rate of stirring. When the actual reaction takes
place, it starts out with a clear color and upon the first addition of SBH the color begins
to change. If the stirring is vigorous the color change become homogeneous quite rapidly,
but if the stirring is moderately slow then the color changes seems to swirl around. There
is a large difference in the color between the area with higher density SBH and the rest of
the reaction mixture, this swirling has the effect to make many of the children ask
whether it is magic and more specifically was it related to Harry Potter. Answering these
questions is difficult. But interestingly, it is not just the children who try to understand
what they see by analogy. The parents often ask about any correlation between silver as
an antibacterial with the folklore of vampires and werewolves. In fact very often they use
this as a link to speak with their own children to make them pay more attention to the
demonstration.

Advantages and disadvantages. The reaction is fast, it can be carried out in a
matter of moments, and the reaction can take less than 30 seconds to come to completion.
In that time frame there is a very elaborate and obvious color change that causes the
children to become very excited.
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The downside to the reaction is that the materials are not fully suspended in the
solvent, and as they are made hurriedly cannot be later used for research purposes. So for
the most part the materials have to be collected and safely disposed of as chemical waste.

Lesson Plan 2: high school lab demonstration lasting up to 40 minutes.
The goal of this Lesson Plan is to provide a practice-based learning experience for
high school junior and senior level students in the 16-18 age group (i.e., 10th -12th
grade). The lesson was integrated into two different classroom settings; 33 regular
academic year students (Hightower High School), and 14 summer school students.
Students (Dulles High School). Both the Hightower High School (Missouri City, Texas)
and the Dulles High School (Sugarland, Texas) are public schools within the Fort Bend
Independent School District.
The class time was used to discuss nanotechnology and give an overview of the
implications in other fields of study such as engineering and biology. Many students were
interested to learn about the positive implications of nanotechnology, but they were also
keenly aware of the negative impact it can have too. The students were asked five
questions about nanotechnology before and after the lab had been carried out, and this
showed how the lab demonstration helped forge a clearer picture in the minds of the
students. Typical questions posed to the students include:
•

What is the definition of technology?

•

What is the definition of nanotechnology?

•

What scale or power of 10 is a nanometer based on?

•

Could nanotechnology be harmful for the environment? How so?

•

Name one use in everyday life for silver nanoparticles?

In addition, a poster-sized class work sheet was created with three headings: what they
knew going into the class, what they wanted to know, and what they learned at the
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conclusion of the class (Figure 6.9). The goal of this approach was to allow the students
opinions to evolve as a function of the learning process.

Figure 6.9. Example of the class work sheet used at Hightower High School.

In spite of the low risk of wide use of silver nanoparticles in commercial products,
for the experiments the students were required to wear safety glasses, aprons, and gloves.
The reaction was carried out using the following solutions: 1.2 mmol solution of
silver nitrate in 100 mL DI water, 3 mmol solution of MSA in 100 mL DI water, and a
0.2 M solution of SBH in 25 mL DI water. The students synthesized the nanoparticles
using appropriate glassware such as an Erlenmeyer flask or a beaker, placed on top of a
stir plate using a magnetic stir bar to create agitation. To 100 mL of silver nitrate solution
was added 50 mL MSA solution, followed by drop wise addition of 25 mL of the SBH
solution with gentle stirring. Over a short period of time the solution color changes from
light yellow, to dark brown, and finally to black. The reaction takes about 3 minutes to

188

complete once the reducing agent has been added. A solution from this procedure was
then analyzed using a Thermo Scientific Spectronic 20D+ spectrophotometer. Clearly,
more solutions can be measured with a faster or additional spectrophotometers.

Concepts to be discussed. The concepts discussed included: scale, toxicity,
safety, future uses, and relationship to science.
With regard to size the question arose about the relationship in size between a
nanoparticle and an atom. Explaining that silver has an atomic radius of 1.4 Å (i.e., 0.14
nm), and that the nanoparticle of silver made by the students are approximately 20 nm in
diameter, allows the students to calculate that their nanoparticles are on the order of 140
silver atoms across. In this way the students are able to put into the perspective both the
size of the atom, and the size of nanoparticles.
When nanotechnology is so small, the students were particularly curious to
understand how do such materials interact with biological specimens, and further, how do
they interact in the environment. They were not alarmed by learning about
nanotechnology, but having talked about this in class they were more aware, for example,
of what it meant to have nanoparticles in skin cream or sun tan lotion. Silver
nanoparticles are used as a burn cream because it can help kill bacteria,20 but there is no
discrimination between bacteria types, and there are many types of bacteria in the body
that are beneficial to us. The bottom line was that they could be used in moderation but
because they could kill good bacteria, too, it was important to use nanoparticles in
moderation.
Haven spoken to the concerns regarding toxicity, the students were quick to
realize that safety precautions must be taken when working with these new materials.
Because the effects of the use of these materials are not entirely known, the students were
more engaged in carrying out the lab because they had developed a deeper respect for the
materials.
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The discussion then led to future uses and possibilities that will result from
nanotechnology. Biomimetic systems were discussed, where nanomaterials can be made
to mimic natural systems such as the skin of a cuttlefish that can be tailored to
camouflage against any background in a matter of seconds. From this the conversation
led to new types of building materials that will be stronger and lighter than the ones that
are being used now. Because of the high aspect ratio of the nanoparticles the efficacy for
drug delivery and catalytic reactions can be much higher than they are now.
Nanotechnology is sometimes hard for the students to classify in terms of the
three major branches of physical science. Because of this it can be exciting because it is a
new and emerging field and the students can see that there is much still to learn and
develop as a result of nanotechnology. To start the conversation off we look to the fact
that all things at the nanoscale must first be made, and to do this you apply chemistry
techniques and practices. Once you have a nanomaterial you will often need to
incorporate physics to understand the implications of the material being of a certain size
and shape. In this regard, the students start to understand where the border between
chemistry and physics classically lies, and they start to see how you can have an overlap
between them. For the example using the silver nanoparticles it becomes self evident that
chemistry is used to make and shape the nanoparticles, but to understand the differences
in color it is necessary to look at plasmons that are more typical of a physics course.
Furthermore, if they consider the use of nanoparticles, for example, to cure cancer
through laser ablation therapy, the incorporation with biological science becomes a factor
because the material now plays a role in a biological environment.

Typical questions. As part of the class the students listed questions on the poster
sized class work sheet (Figure 6.9.). Typical questions include:
•

What is it used for?

•

What can you do with it?

190

•

Can we use it in the health care field?

•

Is there such a thing as a nanotechnologist?

•

How long have we been studying it?

•

How does it benefit us?

•

Can it be used as a fuel?

•

When was nanotechnology discovered?

•

What do we know about it so far?

Advantages and disadvantages. The reaction is fast (taking less than 3 minutes
to come to completion) and the color change is readily observed by the students. The
MSA and silver nitrate solutions can be prepared ahead of the class and stored, while the
SBH solution is best prepared immediately prior to use.
The use of a magnetic stirrer has the disadvantage that if the students are too
aggressive with the stirring, while the color change is observed, no nanoparticles are
formed. Thus, some supervision of the stirring rate is required.

Lesson Plan 3: undergraduate general chemistry curriculum lasting up to 2 hours.
The goal of this Lesson Plan is to provide a laboratory module for undergraduate
students, typically freshmen and sophomore (i.e., 1st and 2nd year). This plan is for a
general chemistry curriculum, whereas most of the chemistry majors take honors
chemistry instead, so the majority of students were engineering students and pre-medical
school students. This lab was used to demonstrate the synthesis of nanoparticles and
highlight how the average nanoparticle size changes over a period of time. Students were
required to take spectral data using MicroLAB.21 As with all undergraduate chemistry
laboratories, safety glasses or goggles, lab coats, gloves, and closed toe shoes were
required.
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To 100 mL of a 1.2 mmol solution of silver nitrate was added 100 mL of a 3
mmol solution of MSA using a magnetic stir bar to create agitation. To this mixture 25
mL of 2 mmol SBH solution was added slowly, taking care not to increase the pH sharply
that would result in the silver precipitating out of solution.22 The solution changes very
rapidly from a clear solution to a light yellow, then dark yellow, brown, and then black
(Figure 6.4a). The students were required to take aliquots at regular intervals for a period
of

one

hour;

these

aliquots

were

then

characterized

using

a

UV-visible

spectrophotometer. The reaction solution needs to be diluted in order for the UV-visible
spectrum to be obtained. Suitable dilution involves addition of 5 drops of reaction
solution in 20 mL of DI water. Each student was required to determine the !max and
calculate the FWHM for the peak after 1 hour. They were asked to note how the peak
changes during the first hour during nanoparticle ripening.
This reaction has been shown to work with a high rate of success, up to 80% in a
class of 300 students, carried out over 4 days of labs for three years running.

Concepts to be discussed. Concepts discussed include: Scale, SEM and TEM
microscopy, chemical reduction. Beer Lambert law, plasmons, surface area to volume –
effective surface area, and FWHM.
The discussion of scale was introduced in a similar fashion to that of the high
school classroom discussion. Extra emphasis was placed on the fact that at the nanoscale
a number of interesting properties are enhanced, the most relevant of which deals with
the surface plasmon resonance. In particular, it was presented that at the nanoscale
dimensions materials have properties that are described by a mixture of classical
continuum physics and quantum mechanics. In essence, at the nanoscale there is a blurred
distinction between the types of physics that apply. In effect, many of the properties of
nanoscale materials are greatly enhanced because of this, and the example used most
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predominantly in the class room stems from Mie theory on the scattering of light, as this
pertains directly to the understanding of the SPR effect of nanoparticles.
Since optical microscopy is insufficient to observe individual nanoparticles, the
techniques of scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) are introduced to the students. The working principles behind both methods were
described in the introductory lecture associated with the laboratory. Example of SEM and
TEM micrographs of silver nanoparticle, previously prepared by the same methodology,
were provided as introductory course material (e.g., Figure 6.4b).
The reaction mechanism for making the silver nanoparticles involves the
reduction of the silver ions.4 The chemical process of reduction is discussed and
compared to other known reduction reactions.
As prepared the silver nanoparticle solution is too concentrated to allow for UVvisible measurement. The concept of the Beer-Lambert law in relating adsorption to
concentration is used to justify the necessary dilution of the samples.23
Plasmons were introduced to the student and for many this was the first time
hearing of such a thing. To do this, Figure 6.2 was used to describe how the electronic
part of the electromagnetic spectrum was responsible for drawing electrons from one side
of the nanoparticle to the other.24 The analogy with the person on a swing was used to
highlight the resonance with the incident light.
The SPR is analogous to pushing someone on a swing, because you slowly
increase the momentum of the swing by adding a force to the person sitting on it. As the
person gains momentum it takes less and less energy to keep that person going higher and
higher. Further to this you only need to push the person at certain times, this is like the
wavelength of the light, or more specifically, the frequency of the light. So you can see as
you push the person your energy couples with the energy of the person on the swing, that
is analogous to the incident light energy coupling to the electrons. Gradually less and less
force is required to make someone swing faster and faster, when you push at the right
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frequency, because you are pushing in resonance with the swinging person. This is
exactly the same as what happens to the silver nanoparticles. The incident light resonates
with the surface electrons, and they oscillate back and forth. This whole process is known
as surface plasmon resonance, or SPR, and there is a lot of research being carried out
with different metals, and various sizes and shapes of nanoparticles to use this optical
effect.25 Because the SPR of a nanoparticle is very discrete it can be deliberately created
in one part of the spectrum or another.
Nanoparticles are defined as objects with components that measure in length from
0.1 - 100 nm,26 that specifically exhibit a unique property, different from the bulk
material, that is caused by that size scale. In a simple model one can imagine a tennis ball
(7 cm in diameter) that is shrunk in size ten million times (x107) to a nanoparticle (7 nm
diameter). When you shrink something that much you end up having most of the atoms
that make up the particle sit on the surface, i.e., it has a very large aspect ratio because the
surface area compared to the volume is large. This is very important in defining the
properties of the nanoparticle because chemistry happens on surfaces, so the more surface
you create, the more reactions you can get. The surface area of a solution of silver
nanoparticles can be so high that a small teaspoon of nanoparticles can have the same
surface area as a football field. But the mass of nanoparticles in this teaspoon of solution
may only be a few hundred milligrams, whereas silver metal covering an entire football
field may weigh a few hundred kilograms. The impact of a high surface area to the
reactivity of nanoparticles is discussed. In addition, the concepts of surface energy and
Ostwald ripening are readily introduced here using the time dependant UV-visible
spectra.27
The measurement of full-width-half-maximum (FWHM) is a standard used to
determine the properties of the peaks in our acquired UV-visible spectroscopic data.
Specifically it helps understand something about the size of peaks when the shape is not
always regular. As an example, the students find it easy to measure the size of a rectangle
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because the edges are flat, but for a Lorentzian peak, as seen in the UV-visible spectrum
of the silver nanoparticles, this is more difficult. Introduction of the FWHM concept
allows them to obtain a numerical value that can then be used to compare with other sets
of data.

Advantages and disadvantages. The reduction of silver is carried out by the
addition of sodium borohydride, but if too much SBH is added, or if it is added too
quickly a precipitate is formed instead of nanoparticles.22 This can occur because of the
rapid change in pH in the reaction mixture, which then causes the silver to precipitate. On
the other hand it was found that if students did not add sufficient SBH then larger
nanoparticles are formed with a corresponding red shift in the !max. However, this can
be used as a figure of merit for grading.

Lesson Plan 4: undergraduate general chemistry curriculum lasting up to 3 hours.
The goal of this lesson is to compare two different reducing agents for the
formation of silver nanoparticles, by noting the effective change in plasmon resonance as
noted by UV-visible spectroscopy.
In this exercise students made nanoparticles using trisodium citrate (TSC), while
monitoring the size evolution by UV-visible spectroscopy. The spectrum was compared
to a solution of silver nanoparticles that were made using SBH. The students themselves
can make the particles using SBH while the TSC nanoparticles are ripening due to the
difference in the speed of reaction. If time or resources are issues, the teaching assistant
(TA) may be responsible for the synthesis using SBH and can do so as a lab
demonstration. The absorbance spectrum from the samples of the TSC and the SBH
nanoparticles were compared, and basedon their respective spectra the students were able
to determine which reducing agent was stronger.
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TSC stabilized nanoparticles were synthesized in a glass vessel using 75 mL of
2.4 x10-3 M silver nitrate solution using a magnetic stir bar to create a moderate vortex.
Upon heating the solution to 90 °C the reducing agent can be added. 2 mL of tri-sodium
citrate is added drop wise, allowing a second or two between each drop; this should be
approximately 50 drops (using a plastic Pasteur pipette) over a two-minute period.
Keeping the solution at 90 °C, aliquots were acquired at regular intervals for spectral
analysis; typically 10 drops reactant can be added to 20 mL of DI water. During the
course of the reaction a laser pointer can be used to identify when the colloids grow
greater than 40 nm. The color should change to a light yellow color, and within 30
minutes change to a dark brown, and finally end as a grey milky white color (Figure
6.5a).

Concepts to be discussed. In addition to those described for Lesson Plans 1 – 3
the concepts to be discussed in class include: FWHM, differences in chemical reactivity,
plasmons, scattering and the Tyndall effect, surface area to volume – effective surface
area, and isotropic crystal growth.
Two different sets of nanoparticle synthesis techniques make different types of
nanoparticles with different sizes. When the UV-visible spectra are collected it is
observed that the shape of the peaks are similar but they are clearly different in size
(Figure 6.4c and 6.5c). The FWHM is used to compare data that would otherwise be
more challenging to integrate and determine mathematically.
The nanoparticles are formed by the reduction of silver atoms from Ag+ to Ag0.
Sodium borohydride (SBH) is a stronger reducing agent than tri-sodium citrate (TSC),
and as such SBH takes only a few drops to produce nanoparticles, but the TSC requires
time and heating to produce nanoparticles. As the nanoparticles take more time to be
made there is a larger distribution of sizes and the sizes tend to be larger also. The UV-
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visible absorbance will be different for both reactions. The FWHM will be larger for the
SBH nanoparticles versus the TSC nanoparticles.
Plasmons were discussed similarly to Lesson Plan 3, with the additional
information as to why the larger (100 nm) nanoparticles have different colors compared
to the smaller ones.
Scattering of light occurs due to particles in a colloidal solution where the sizes of
the particles are on the order of 40 nm to 900 nm. The tyndall effect is similar to
Rayleigh scattering, but that it occurs for much larger particles, and the effect is much
easier to see than Rayleigh scattering.6 The larger particles prepared by the TSC route
evolve to an average size of 100 nm allowing for Tyndall scattering, that can be seen
using the laser pointer.28,29
This was discussed similarly to Lesson Plan 3, with the added caveat that the
larger (100 nm) particles will have an effective total surface area that is less than that of
the smaller nanoparticles.
The students are provided with SEM and TEM images of the nanoparticles made
by both the TSC and SBH reduction reactions (e.g., Figure 6.4b and 6.5b). These show
the particles to be spherical in nature due to isotropic crystal growth. The mechanism of
isotropic crystal growth is discussed in class using the analogy of a snowball that is
rolling down a hill where each layer of snow can add anywhere on the outside of the
snowball.

Advantages and disadvantages. The larger size of the nanoparticles produced
with the TSC means that Tyndall scattering is readily observed giving the students a
direct observation of the nanoparticles.
The reduction of silver by TSC is more variable than with the SBH because the
rate of addition can change the size of the particles produced and the consequent colors of
the solutions (see Lesson Plan 5). However, the success of the experiment was found to
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be a direct relation with the skill (aptitude) of the students and thus can be used as a tool
for grading.

Lesson Plan 5: Silver nanotriangles, can be undertaken by advanced students or
shown as a TA demonstration.
The previous Lesson Plans using TSC demonstrated the seeded growth
mechanism of nanoparticle synthesis. The TSC is slowly acting on the silver and small
nanoparticles are made, that are then grown into larger nanoparticles. This growth stage
was carried out in an isotropic fashion, that means that all the silver adds randomly to the
outside of the seed, and the nanoparticle grows in a regular fashion along all directions,
and so the nanoparticle maintains a spherical shape. TSC can be used, however, in
conjunction with a number of other compounds to shape the nanoparticles by inducing
anisotropic growth. The TSC works by binding to a particular crystal face of the
nanoparticles, namely the [111] facet. This limits the addition of silver atoms to this
facet, therefore shaping the particles into triangles.
As we have already familiarized ourselves with the use of TSC we will use this
compound to control the nanoparticle growth again. The bottom line is that the amount of
TSC will shape the nanoparticles accordingly, and the various sizes and shapes and
shapes that are produced will in turn have a variety of colors (Figure 6.8). This reaction
takes about 10 minutes to complete and it should change color before your eyes.
The seed solution is best prepared ahead of time and provided to the students.
However, for longer laboratory schedules the students can prepare a seed solution
themselves, particularly if they are performing multiple experiments involving silver
nanoparticles. To make the seed solution, silver nitrate solution (0.29 mM, 10 mL) and
TSC (0.29 mM, 10 mL) are added in a glass vial and placed in an ice bath with a stir bar
stirring moderately. To this solution SBH (0.01 M, 0.6 mL) is added drop wise. The
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solution changes color to dark brown/black. The solution is covered, or placed in the
dark, and allowed to stir for two hours. After two hours the seed solution is ready for use.

Figure 6.10. Picture showing silver nanotriangles made using silver seeds and further
reduction using tri-sodium citrate as per Lesson Plan 5.

To a 20 mL glass vial (the kind used for the spectrophotometer measurements) is
added 100 !L of silver seed solution. The silver seed solution should be prepared ahead
of time. The concentration is chosen such that 100 !L is equivalent to two drops from a
typical plastic Pasteur pipette. To this is added 10 mL (1 wt%) of polyvinylpyrrolidone
(PVP, III). The solution temperature should be maintained around 75 °C for best results.
Once the PVP has been added, the appropriate amount (see below) of TSC (0.25 mM) is
added drop wise. Add 100 !L of sodium ascorbate (IV). At this time ensure the solution
is stirring and heating. When the solution reaches 75 °C, silver nitrate is ready to be
added. If a thermometer is not available then the student can look for the first signs of
vapor rising from the solution; this is a rough estimate of the appropriate temperature for
the optimum reaction. The silver nitrate is added 1 drop at a time (ca. 50 !L), up to a
maximum of 5 drops, with a pause of approximately 30 seconds between each additional
drop. The solution should begin to change color and after 20 minutes, it should stay at
one particular color depending on the amount of TSC used (see below). Characterization
was carried out using MicroLAB hardware FS-522. A 20 mL glass vile placed in the
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central holder and covered with an upside down photograph film case, to prevent stray
light from entering the system.

Table 6.2 provides the relationship between the composition of the reaction and
the appearance of the nanoparticle solution. The TA can use this as a rough guide to
determine the color solution that is desired. It should be noted that this is only a rough
guide because variations in the concentrations of the reagent solutions can affect the
results of the solution color.

Table 6.2. Appearance of the silver nanoparticle solution as a function of reagent
composition.a
Volume of TSC

Volume of AgNO3 (drops)

Colour of solution

1

5

Light yellow

6

5

Amber/orange

12

5

Red

20

5

Blue/turquoise

(drops)

a

TSC = tri-sodium citrate. Each drop is equivalent to 50 !L.
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Concepts to be discussed. In addition to those already discussed for the other
lesson plans the following was used for discussion: SEM and TEM microscopy, scale,
isotropic versus anisotropic crystal growth, and the design of future materials.
In this reaction the products are triangular platelets and TEM is well suited to
seeing the dimensions of the nanotriangles. From the TEM image the students are also
able to see the crystal lattice of the triangles, demonstrating the order and crystallinity of
the nanotriangles.
The concept of scale was treated similarly to that of Lesson Plan 3, but following
from the observation of the lattice fringes that can be seen from the TEM image, the
students can count how many atoms the triangle is in width. This once again gives an
idea of the scale of nanotechnology and how a nanoparticle size relates to the size of an
atom.
In the previous lesson plans all the nanoparticles that were formed were found to
have a spherical shape, and as such, they had been formed in an isotropic manner. In this
lesson plan several additional compounds are being used to make the nanoparticles form
into nanotrianglular platelets instead (Figure 6.11). This is achieved by using silver seeds
that are prepared prior to the start of class. The seeds are spherical (Figure 6.11a), and act
as nucleation sites for further crystal growth. In this lesson plan the amount of TSC is
varied in such a way that upon further reduction of silver nitrate, the silver is prohibited
from binding to the {111} facet of the nanoparticles. When one face is limited in growth,
then the nanoparticles can be made into specific shapes.30 The result of this change in
shape and size of the nanotriangles influences the surface plasmon resonance, and with
that, the color of the samples can be tailored.
Atoms of silver form an ordered crystal lattice where growth along some
directions is more energetically favorable than others. Using ligands with various binding
strengths to the crystal surfaces the growth of the crystal can be stopped along certain
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Figure 6.11. TEM image of (a) silver nanoparticle seeds, (b) the typical silver
nanotriangles formed from the seeds, in which it is possible to visualize the original seed
within the nanotriangle, and (c) a high resolution image showing the silver crystal lattice
planes. All scale bars are 10 nm.
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directions. This is how nanoparticles are shaped into different forms such as spheres
(lowest energy form), rods, cubes and tetrahedrons, for example. The shape of the
nanoparticle and the size changes the SPR and so there will be a consequent change in the
color of the solution, only because of the shaping.

Advantages and disadvantages. One of the advantages of this Lesson Plan is
that the seed solution prepared prior to class is stable for approximately 1 month and can
be used for up to 10,000 reactions. Furthermore, using this synthetic route allows for a
wider range of cultured solutions, and hence nanoparticle sizes and shapes. However, the
laboratory methodology is the most involved and hence is more appropriate for advanced
level students or as a demonstration.

Discussion
The 5-minute demonstration (Lesson Plan 1) works quickly but the solution is not
stable over a long period of time so the materials do not last after the demonstration has
been complete, as the materials flocculate out of solution. The reaction takes place at
room temperature so it can be easily set up in any location. As there is no need for
heating there is no possibility to scald any curious hands that may reach out to grab the
glassware. The rapid color change from clear water to black solution occurs within 30
seconds, and this has the effect of surprising onlookers, to the extent that it engenders a
great deal of curiosity, even in parents. If electricity is an issue such that it is not possible
to use a stir bar and stir plate, then stirring with a glass rod is possible, or even mixing by
swirling the materials in the glassware will work.
The high school demonstration (Lesson Plan 2) is generally carried out over a 40minute time frame. The first ten minutes are used to explain the reaction and give some
background knowledge, as well as to answer general science questions. The last ten
minutes are used to characterize the samples using a spectrophotometer. The success of
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the reaction can be proven by the UV-visible data where the maximum intensity of
absorbance at approximately 400 nm is shown. This was demonstrated beautifully and
was hand plotted by one of the high school students (Figure 6.12).

Figure 6.12. Hand plotted UV-visible data collected on a Thermo Scientific Spectronic
20D+ spectrophotometer of silver nanoparticles prepared at Hightower High School,
showing the peak absorbance centered around 410 nm.

There were two labs taught at the undergraduate level (Lesson Plans 3, and 4).
The first involved the same reaction conditions as both the 5-minute demonstration and
the 40-minute class. However the students were using a more sophisticated
spectrophotometer (MicroLab) and so they were able to acquire data with greater speed
than at the high school. Their task was to monitor the state of the nanoparticle formation
over an extended period of time by taking aliquots at 5-minute intervals. The lesson was
developed to explain how nanoparticles are synthesized and demonstrate how the particle
sizes change over a period of time until they come to completion after a period of
approximately one hour.
This demonstrates the Ostwald ripening of nanoparticles as the shapes of the peak
in the spectra can be used to gauge the homogeneity of the particle sizes.27 Thus a sample
with a homogeneous size distribution will exhibit a sharp peak centered at 400 nm, but a
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broad peak suggests some inhomogeneity in the particle sizes. As the reaction progresses
the peak should become narrower, suggesting the particles are ripening in such a way as
to make all the particles of equal size. A typical graph is shown in Figure 6.13. At the
time that the reaction is completed the students were then asked to calculate the sizes of
particles made by this method. To do this they were asked to determine the FWHM of the
peak absorbance (Figure 6.14 and 6.15), and from this calculate, using a simple equation,
the particle size (Eq. 6.1). However, the data obtained from the MicroLab is rather crude
for such a calculation, so the data was supplied to them so that they could apply this
method. The sample from which the UV-visible data was acquired was analyzed using
small angle X-ray scattering to compare against the value obtained by calculation using
equation 6.1.

Figure 6.13. UV-visible data from the synthesis of silver nanoparticles using sodium
borohydride (SBH) as a reducing agent. Data was obtained using the MicroLab software.
Each spectrum is acquired over a 30 minute time frame at intervals of 5 minutes.

(6.1)
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Figure 6.14. UV-visible data of SBH reduced silver nanoparticles from Lesson Plan 3.
This is used to demonstrate the steps for determining the FWHM of the sample that was
then used to calculate the average size of the particles.

Figure 6.15. Full-width-half-maximum (FWHM) calculations of the UV-visible spectra
acquired using MicroLab, for a solution of 10 nm silver nanoparticles made using Lesson
Plan 3 (SBH).

Table 6.3 shows the average values for the calculated nanoparticle diameters as
calculated by the students and then averaged. The actual nanoparticle diameter was 15
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nm (determined using small angle X-ray scattering); the differences can be attributed to
the extreme range of values (min = 1.23, max = 302.60). The extremes are due to the way
that particular student (or students) apply the equation and in which order the students
proceeded to make the calculation. This does provide an opportunity to examine the
student’s analytical skills when presenting them with the experimentally determined
values.

Table 6.3. Table of values of calculated sizes of silver nanoparticles obtained by students
using Eq. 6.1.
Average

15.67

Min.

1.23

Max

302.37

Range

301.37

The students were also asked to report at what wavelength the maximum peak
absorbance was found. The majority of the students (80%) were successful in identifying
400 nm as the peak. This is also taken to suggest that in the majority of cases the students
were equally able to complete the reaction correctly, in that 80% of the 300 students
correctly made nanoparticles as prescribed (Figure 6.16).
The Lesson Plan 4 was further developed to include an additional synthesis so
that a comparison could be made between the strength of two different reducing agents.
The reaction using TSC takes a longer period of time to complete but still can be
completed by diligent students within a 1 hour time frame, however it was commonly
found that students required two full hours at least to complete the physical part of the
lab. In this reaction the color change of the solution is more subtle than in Lesson Plan 1
(using SBH). Initially starting as a clear solution the reaction will turn light yellow and

207

proceed to dark brown and then milky grey white over a one-hour period. During this
time students can note the formation of particles by using a laser pointer, since the
colloids form nanoparticles greater than 40 nm they scatter large amounts of light that can
be seen by the naked eye, and this can be evidenced easily using a laser pointer.

Figure 6.16. Chart showing the values of SPR peak (!max) acquired by students making
silver nanoparticle using Lesson Plan 3, reduced by SBH. N.B. It should be noted that the
high values were determined to be due to the students incorrectly following the
laboratory protocol.

The students were required to monitor the UV-visible spectra during the reaction
similar to Lesson Plan 3 (i.e., in a similar manner to that shown in Figure 6.13). Based on
the size of the particles the spectra will have certain characteristics that are indicative of
the particles’ size. The particle size will change over a period of time; the particles will
continue to grow up to 100-150 nm in diameter. Using UV-visible spectra students were
asked to determine which of the two reducing agents is stronger. In order to accomplish
this a basic understanding of the UV-visible spectrum of nanoparticles is required, based
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on how the size and shape is evidenced in the SPR peak, and also how the strength of a
reducing agent affects the dynamics of nanoparticle formation.
When the students carried out the reaction with TSC they could observe the
nanoparticles formation over a one-hour time frame by noting the change in spectra over
time. The reaction with the TSC was carried out at 90 °C and took one hour to proceed,
and the former (using SBH) was carried out at room temp and took only a matter of
moments to proceed. So the students should be able to observe which of the two reducing
agents is stronger, based on the observation of temperature, and time difference. But to
further illustrate this the FWHM of each spectrum was compared and it was shown that
the FWHM was smaller for the case of the SBH (Figure 6.15) than it was for the case of
TSC (Figure 6.17). A smaller FWHM indicates a more homogenous sample size; this in
turn indicates a much stronger reducing agent was used. When a stronger reducing agent
is used then more nucleation sites are created; and this tends to keep all the nanoparticles
in a close size regime. Also the peak of the SBH nanoparticles are blue shifted, 400 nm
compared to 600 nm for the TSC reduced nanoparticles. Smaller particles have higher
energy resonances compared to larger particles of the same element. The smaller that an
object is, the more confined the electrons are, and this quantum confinement in turn
necessitates higher energy.

Nanotechnology introduction to other scientific disciplines.
One of our original goals of this program was for the students to use the silver
nanoparticle product synthesized (along with the knowledge gained) as a base material
for other laboratory experiments. In this regard we envision a number of possible lesson
plans that could be developed through the use of this laboratory technique.
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Figure 6.17. Full-width-half-maximum of the UV-visible spectra acquired using
MicroLab, for a solution of 100 nm silver nanoparticles made using Lesson Plan 4 (TSC).

The kinds of lessons we have taught include the science of colloidal stability,
extracting silver nanoparticles from clothing, bacterial studies using e-coli, shape control
and plasmonic of nanoparticles, crystallization, and protein crystallization.

Colloidal stability. Colloidal stability is achieved by the favorable interactions of
one material phase within another, such as a solid held in a vapor phase as in the case of
aerosols, or a solid held in a liquid phase as in the case of a nanoparticle in water. Often
colloidal stability is achieved by the repulsion of nanoparticles from one another due to
negative charges across the nanoparticle surface, often known as charge screening.
Additional stability is achieved by the use of ligands that act to sterically prevent
nanoparticles from becoming entangled. As long as the nanoparticles maintain an interparticle distance greater than the van der Waals attractive regime the nanoparticles can
remain in solution. The functional groups on the surface capping groups can also be
selected to add stability in a range of solvents and pH values. For example, the carboxyl
acid groups at the end of the MSA (I) can make favorable hydrogen bonds with H2O and
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maintain particles in solution. But upon the addition of acid solution the -CO2H group can
undergo a transition through the pKa value and hence begin to bind with neighboring
carboxylate groups;31 this is demonstrated from atomic force microscopy (AFM) images
of the as prepared nanoparticles (Figure 6.18a) as compared to the same nanoparticle
solution at pH 4 (adjusted by the addition of HCl). As the carboxylic acid groups bind
neighboring nanoparticles they string the nanoparticles together (Figure 6.18b). When
this happens between nanoparticles then the particles can agglomerate until they are no
longer stable in the liquid phase, and so they precipitate out of solution. This examples
serves as a demonstration of controlling colloidal stability based on pH values, as
compared with the example using table salt, where it was the presence of electrolytes that
screened the nanoparticles and caused them to aggregate together.

Figure 6.18. AFM images of silver nanoparticles as prepared (a) and strung together (b)
following acidification of the solution at pH 4.

Extraction of nanoparticles from commercial clothing. It is now possible to
readily find silver technology clothing in the supermarket, as they are often sold based on
the anti-microbial or anti-bacterial property to prevent odors from occurring.32 As a
laboratory demonstration four pairs of socks labeled as ‘silver technology socks’ were
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washed using soapy water to extract the nanoparticles from the socks. The
soap/nanoparticle solution exhibits the Tyndall affect (Figure 6.19) suggesting the
presence of large colloids (40-900 nm) in solution.28,29

Figure 6.19. Image showing the Tyndall effect in a solution of nanoparticles washed out
of silver technology socks whereby a laser light can be seen to pass through the solution.

Unfortunately the UV-visible spectroscopic data for these samples could not
really be used to determine the presence of silver nanoparticles, as there was not a clear
SPR peak. But there is a slight peak at 400 nm in the first wash from the socks that could
result from SPR of one of the dimensions of the nanoparticles. Further characterization
using a scanning electron microscope (SEM) found there were in fact nanoparticles
present. They were of average size 140 nm (Figure 6.20a), which would indicate why we
did not get an SPR peak in the UV-visible data (Figure 6.20b), as they are too large to be
characterized using UV-visible spectroscopy. It is not expected that high schools have
access to an SEM, so for them a test of the presence of colloids could be to use the
Tyndall effect to qualitatively show that colloids are present.
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Figure 6.20. Products washed from ‘silver technology socks’ imaged using SEM (a) and
characterized by UV-visible spectroscopy (b) from washing silver technology socks with
soapy water.

Bacterial studies. The high electronegativity and low reduction potential of silver
is also responsible for much of the way that silver can be used in sanitary products.18 As
such, bacterial studies can be carried out with the silver nanoparticles, in this case using
E. coli (Figure 6.21) and the SBH reduced nanoparticles that were stabilized by MSA. As
nanoparticles are understood to inhibit the growth of bacteria it is expected they would
inhibit the growth of E. coli cell cultures.19 Depending on the facilities available,
however, it is desirable to use a safer culture for a classroom setting. To this effect the
use of a live yogurt culture could be used, or even yeast, for example. In either case,
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varied amounts of silver nanoparticle solutions are used to test the critical density of
nanoparticles required to prevent further culture growth. This approach could possibly
suit a student wishing to enter a science fair, but replacing dangerous bacteria such as E
coli.

Figure 6.21. E. coli bacterial cell colonies in an agar gel with addition of silver
nanoparticles. Silver nanoparticles are added to E. coli colony and the concentration of
the silver nanoparticles are seen to prevent growth by noting the change in colony
numbers and sizes.

Shape control of nanostructures. Shape control of nanoparticles was carried out
using silver seeds that were prepared using both TSC and SBH to reduce the
nanoparticles. The TSC acts as a template from the citrate molecules, and the SBH then
acts as a fast reducing agent to quickly reduce the silver ions in solution and hence create
many very small particles. However, as these particles are not coated with a protective
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ligand that is strongly bound to the surface of the nanoparticle, the sizes of the particles
can change due to the addition of silver ions. It is best to store them in the dark, or have
them made up fresh just prior to use. The silver seeds are taken and upon further addition
of TSC coupled with polyvinylpyrrolidone (PVP, III) the nanoparticles can grow further
from the seed into triangles.33,34 The size and shape of the triangle can be noted using UVvisible spectroscopy, and compared against published results or they could be examined
by a microscopy technique such as AFM. A typical example is shown in Figure 6.22.

Figure 6.22. Silver nanoparticle triangle as seen using AFM (a), and three different
cultured solutions of silver nanoparticle triangles (b).

The point of this exercise is to do more than just create novel shapes of
nanoparticles and watch the color change. By doing this exercise the student becomes
aware of several concepts beyond that of the SPR and light-matter interactions. Initially
the student must become aware of the acute difference that slight concentration changes
can make in the synthesis of materials; that is evident in the widely different colors of the
solutions that are produced, and those colors in and of themselves serve as quality
controls. But more importantly, on a fundamental level, the student must learn to
understand what is happening at the nanoparticle surface, and to do this some
understanding of a crystal lattice is required, as the TSC blocks the addition of silver
along the {211} facet. Associated with the crystal plane is the energy of that surface that
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is being expanded in a particular direction. By seeing the colors change the students
know something is happening, and they must use their imagination to envision the {211}
face being blocked off and the other faces having silver added to them. In this way the
student then learns more than just the interaction of the light with the nanoparticle, but
now is also equipped with an understanding of how to control crystal growth. The crystal
growth occurs at the nanoscale, but the effect is so profound it can be seen from the
naked eye. Crystal growth is a fundamental and important tenet of materials research, and
many future materials will almost certainly be created by crystallizing materials in new
and interesting ways.35

Nanoparticle assisted growth of protein crystals. Extending the discussion of
nanoparticle and nanotriangles crystal growth, the growth of protein crystals can be
explored. Protein crystallization is a challenging task to accomplish because of the large
unit cell in a protein and the number of undesirable conformations the proteins can
assume that do not favor crystallization.36 Furthermore, the crystallization process often
involves low energy binding forces such as the hydrophobic effect and hydrogen
bonding.37 Despite this, the best method to determine protein structure is through the use
of X-ray diffraction, which by necessity requires specimens to exhibit long-range order as
in crystals. The National Institute of Health (NIH) has made it a priority to understand the
shape and structure of proteins to better understand their complex behavior, in an effort to
discover medicines that can be used to cure ailments caused by malformed proteins. For
this reason it is desirable to investigate the crystallization process and to determine
whether silver nanoparticles can act as nucleons. Due to the highly electronegative
property of silver nanoparticles they could act as good nucleation sites. These
nanoparticles were coupled with 5,000 molecular weight polyethylene glycol (PEG, V);
PEG is a commonly used agent in the crystallization process, but not at the low
concentration used in this work (see Experimental).
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The protein we chose to use was casein. As a major constituent of mammalian
milk38 it can easily be retrieved from cows milk by acid precipitation using 10% glacial
acetic acid; conceivably this could be replaced instead with table vinegar. The casein was
then re-suspended in a buffer solution and added to the PEGylated nanoparticles. The
PEG addition to the nanoparticles was accomplished by nucleophilic attack at pH 4. The
crystallization tests were carried out in cell well plates whereby the concentration of
nanoparticles was tested, and also the effect of pH both with and without nanoparticles
present. Some crystals were obtained and imaged using optical microscopy (Figure 6.23)
and AFM. It is not clear how exactly the nanoparticles assist in the nucleation process,
but the crystal morphology shows differences in the presence and absence of silver
nanoparticles. This work served as a preliminary study lasting only 8 weeks in total. But
the results look promising and it is expected further work on this matter could be carried
out using these particles.

Figure 6.23. Optical microscope images of crystals obtained using (a) casein and
PEGylated silver nanoparticle @pH 3, (b) casein and PEGylated silver nanoparticle @pH
5, and (c) casein without nanoparticles @pH 3.5.
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Nanoparticles of alternative metals. Making nanoparticles using other metal
nitrate salts as precursors was carried out by students for a Science Fair project whereby a
student who had taken the silver nanoparticle class was tasked with adapting the SBH and
MSA technique to make nanoparticles of both silver and copper. With these two sets of
particles the student then compared the spectral characteristics between both sets of
nanoparticles. The goal was to provide a route whereby a student can learn by analogy.
With the knowledge that the reaction for the formation of silver nanoparticles comes
from the reduction of silver ions, the student has to understand that if another metal is to
be used, then differences in the reduction potential of that metal will affect how much of
the reducing agent is required in order to make the same size particles.
Other metals that have been used to make nanoparticles in a similar fashion
include copper and gold.39,40,41 The peak absorbance in the UV-visible spectrum of
alternative metals differs compared with a set of silver nanoparticles of the same size. In
this case the copper nanoparticles appeared as a deep purple color as compared to the
silver nanoparticles made with the same concentration, which appeared yellow.

Conclusions
The various techniques for producing silver nanoparticles are shown to work
efficiently irrespective of the academic level and in a variety of classroom settings. Due
to the colors that the solutions make, the reactions are also fun and engaging, both for
demonstration purposes, and in a classroom setting. Due to the small amount of material
that is required for the reactions, and the long lifetime of most of the products, the
synthesis is relatively low cost making them accessible to a wide range of students.
Furthermore, when the reactions can be purified using off-the-shelf compounds such as
table salt the method allows for use in subsequent laboratory lessons.
Nanotechnology is a developing field and educators looking to prepare their
students with a skill set and vocabulary for this future will hopefully do so through the
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use of silver nanoparticles. Even though nanotechnology is a new and emerging field, it is
evident that it lends on old chemistry techniques, so it helps to re-enforce and re-engage
students in the classical understanding of science afforded by chemistry, physics, and
biology.
Many academic articles extol the virtue of nanotechnology in its application in the
various physical sciences, technology, and engineering. However, within the classroom
setting it is difficult to find examples that cross the spectrum of fields in the same manner
as silver nanoparticles. They are easy to make, easy to characterize, and easy to
incorporate into many disciplines. Their importance and applications are wide and varied,
and with time, the number of ways they are used will surely grow. Nanotechnology has
made its way on to our shopping shelves already, being used for the properties that their
bulk material counterparts have been known about since antiquity, for example the antibacterial behavior. But new uses and applications are certainly just around the corner, and
by divulging the information about the material properties in a school setting, we are
certain to see great developments in this field in the foreseeable future due to the young
scientist and engineers employing this new understanding for themselves.

Experimental Methods
pH control of colloids. A modified work up of Lesson plan 3 was employed,
whereby 3 mmol of MSA was used (as opposed to 1 mmol); upon completion of the
reaction, the pellet was re-suspended in DI water. The acidity was measured using a pH
probe and found to be pH = 6.65. 1 mL was diluted with 9 mL DI water into 5 vessels. To
four of the mixtures various amounts of HCl was added dropwise using a plastic Pasteur
pipette, and the resulting pH determined according to the Table 6.3. Samples were then
analyzed using AFM by applying drops of the solution to mica slides, and spin drying for
a period of 60 seconds with a rotation rate of 3000 rpm. AFM of control sample and
sample number 2 are given in Figure 6.18 a, and b, respectively.
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Table 6.3. Quantities of HCl added.
Number of drops (50 !L each)

pH

1

5.20

2

4.09

3

3.08

4

2.42

Nanotriangles. In a 20 mL glass vial of silver seed solution (2 drops) was added
using a plastic Pasteur pipette, along with TSC (6 drops, 0.25 mM), Ascorbic acid (6
drops, 0.1 M), and polyvinylpyrrolidone (10 mL, 1 wt%, MW = 10,000) with stirring
using a magnetic stir bar, then heated to 75 °C. Upon reaching temperature, silver nitrate
(0.01 M) is added drop wise, whereby the amount added determines the color of the
solution. See video for demonstration.

Extracting Casein from milk. Casein is the main protein found in milk. It can be
easily extracted from skim milk by heating 10 mL in a sand bath to 40 °C. 1 mL 10%
acetic acid is then slowly added to the warm milk, removing the glue-like casein.

Making PEGylated silver nanoparticles. Polyethylene Glycol (PEG) is a
molecule composed of carbon, oxygen and hydrogen atoms. Research has shown that the
addition of PEG to nanoparticles aids in protein crystallization. This is because the silver
nanoparticles themselves have a strong negative charge on their surface and when added
to a solution of proteins, the proteins attach to the NPs, but their normal conformation is
compromised. However, when PEG is attached to the nanoparticles, it serves as a
“cushion” for the proteins. With PEG, the proteins keep their conformation as they
crystallize.
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In one version, 4 grams of PEG (M.W. =3400) were added to 100 mL water. This
solution was stirred and heated to 80 °C and then 100 mg AgNO3 were added. The
temperature was kept at 80 °C for an hour.
In an alternative method a pH 4 diluted HNO3 solution is used as a solvent. This is
because acid allows for the dissociation of hydrogens attached at the end of the PEG
chains and MSA on the NPs, allowing them to join.
The NPs are too concentrated to be used on their own, so they must be diluted. To
do so add 9 mL DI water to 1 mL sodium borohydride/MSA NPs. The NPs have now
been diluted 10 times. To 100 mL pH 4 Solution, add 500 mg PEG and 1 mL of the
diluted nps. Allow to stir overnight. Another variation is to add the same amount of PEG
to 100 mL pH 4 solution and 3 mL diluted NPs.
Finally, a third method involves 450 mg MSA and 4 grams PEG added to 200 mL
pH solution. These were left to stir for 10 minutes. Then 208 mg AgNO3 was added to the
solution and left to stir overnight.
PEG of a different molecular weight (8000 g/mol) was also used to PEGylate the
silver NPs. However, it failed to stay in solution and it precipitated. The possible
explanation for this is the molecule was too large and probably unstable at acidic pH and
in heat.

Setting up protein crystallization plates. For this particular experiment, the
hanging-drop method was employed. The method is so named because a drop of protein
solution is allowed to “hang” over the top of a reservoir. The reservoir contains a solution
of buffer and a precipitant. The drop of protein has a smaller concentration of the buffer
and precipitant solution. Since the reservoir has a higher concentration of solutes, the
water in the drop evaporates to reach equilibrium, allowing for the protein to slowly
concentrate and eventually crystallize.
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The cells in a 24-cell well plate served as the reservoirs. They contained 500
microliters of a mixture of pH 6.6 buffer and 1M sodium chloride. A microscope cover
slide was used to hold a 5 microliter drop of casein (dissolved in pH 6.6 buffer) mixed
with the buffer and salt solution and diluted silver nanoparticle solution. The microscope
slide was then inverted over the reservoir and sealed with high vacuum grease to keep the
solutions in an airtight environment. Once the wells were filled and covered, they were
placed overnight in a cooler with ice to help keep it from a hot environment that would
otherwise cause the protein to denature.
There were several attempts done to obtain PEGylated silver nps. Some of the
protein assays did not work as expected. For example, in the heated PEG and AgNO3
solution (Experiment 1), the PEG crashed out as soon as it came in contact with the pH
6.6 buffer and casein solution. Something similar happened to the MSA, PEG and
AgNO3 solution from Experiment 3. However, we observed that on a particular cell of
our earlier assays, there appeared to be a crystal. The nanoparticle solution used was the
PEG and 1 mL diluted sodium borohydride silver nanoparticles from experiment 2. We
expanded the experiment upon that observation and started a few more protein assays
using the same nanoparticle solution, but varying the pH. More time is needed to confirm
if proteins will crystallize under these conditions.
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Chapter 7

Conclusions
The main focus of this work has dealt with the catalytic growth of carbon
nanotubes, both single walled carbon nanotubes (SWNTs) and multi walled carbon
nanotubes (MWNTs). Further, I elaborated on the relationship between nanotube growth
to the synthesis of other carbon materials, particularly carbon fibers.
Use of different catalysts to control the growth of SWNTs was employed by
doping iron oxide nanoparticles with a second metal from one of the other first row
transition metals, namely: Mn, Co, Ni, or Cu. The result of this work was that the doping
could alter the reactivity of the catalyst, as measured by changes in length of SWNTs and
length distribution. The quality of SWNTs also varied, as determined by changes in the
D:G ratios. With respect to chirality-controlled growth I noted changes in the diameters
of nanotubes by seeing changes in the positions of the radial breathing mode peaks.
In attempting to create the armchair quantum wire by amplification of SWNTs, I
was able to increase the percentage of active catalysts in the amplification of SWNTs.
This represents a significant improvement over previous work in this area. The
amplification was best achieved at lower temperatures compared with regular growth
temperature; these findings are related to the crystallization of materials as per the
straight line van't hoff plot of nanotube amplification with respect to temperature.
Moreover, the key finding of this work was that the partial pressure strongly influences
the rate of nucleation and growth of SWNTs. I found that a lower concentration of
hydrogen was best for amplification. This led to the idea that a ‘catalyst activity map’
would be created, and that the process presented here is ideal because it creates nanotubes
in the sample that can be used as a control when subjected to further growth trials. In
light of this work I suggest that some serious revisions of previous work be carried out.
Because my work demonstrated clearly that a particular catalyst is best suited to a very
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specific set of reaction conditions, and results that may have been used previously to
discard the use of a particular catalyst due to poor growth results should be re-examined
to find the best conditions that match the chemistry of that catalyst. This is eloquently
illustrated in Figure 7.1 where the size of the sphere is used to represent the maximum
nucleation and amplification of nanotubes, such that larger spheres represent a higher
proportion of SWNTs being amplified. As can clearly seen from such a graphic is that
nanotube synthesis is highly sensitive to environmental conditions. Further to this one
can also note how improved amplification was achieved in an experimental regime that
was not previously studied. So much work has been carried out in the field of nanotube
amplification yet it seems the majority of published work was carried out in a set of
conditions that were not optimal for amplification.

Figure 7.1. Graphic showing the collated results of amplification rates as depicted
according to sphere size, the larger the sphere, the greater the amplification that was
achieved. Spheres in blue represent work carried out during my thesis, which can be
compared to the work of previous groups, as displayed in red.
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Based on the fact that nanotubes and carbon fibers are composed of sp2 carbon I
wanted to look at the correlation between the synthesis of each to glean from carbon fiber
growth information that may be useful to eventually understand and control SWNT
growth. In doing so I found that carbon nano fibers (CNFs) and MWNTs can be readily
created using very similar reaction schemes. As with previous work I have also found
that variations of the partial pressure of the hydrocarbon source and the reducing gas
resulted in gross differences in the product outcome, ranging from making MWNT
samples to samples composed primarily of carbon fibers.
As we move forward in the science of carbon nanomaterials, such that they are
created with specific properties and quantities so as to be useful on an industrial scale, it
would be desirable to have a technique that can create SWNTs on a large scale using an
ambient pressure system. To this end I propose that further work is required to determine
the rate limiting steps associated with using the table top reactor of Chapter 5, to
understand the correct parameters to tweak in order to synthesize SWNTs instead of
MWNTs or CNFs. One possible avenue to investigate is the reduction of the carbon
supply to the catalyst, that by reducing the carbon supply, fewer walls will be produced,
until eventually only single walled tubes are created. Smaller catalyst nanoparticles could
also be employed to limit the production of MWNT and CNFs. This could be achieved by
alteration of the precursor solution to achieve smaller particles of iron, or one could
employ pre-formed catalyst particles that are of nanometer scale prior to nanotube
growth. However, the type of hydrocarbon source had the most striking influence on the
type of carbon materials produced. For this reason I suggest further work in this area
would be best undertaken by adopting the appropriate, or optimum, hydrocarbon for
nanotube production. A hydrocarbon species has a variety of decomposition pathways,
and some are graphitized more quickly than others, so it is conceivable that the correct
choice of the carbon source can control the type of products that are created. The
nanotube growth process occurs in two distinct steps, first the nucleation of a nanotube,
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and then the continued synthesis of that tube. For this it is highly likely that a
combination of hydrocarbon sources be found to optimize nanotube synthesis, as some
are suited to the nucleation of nanotubes, while others have been found to be best suited
to growing longer tubes. If SWNTs could be made on a scale to rival competing materials
such as copper then their uptake within industry would surely increase, and by careful
optimization of the reaction parameters for the ambient pressure tabletop reactor, I
believe this could be achieved.
The real challenge lies in the production of chirality-specific nanotubes. Once
samples of homogeneous properties can be produced, they will be more adopted for
technological use. Any technology that requires the presence of nanotubes with a
homogenous set of bandgaps will be able to move forward at a greater pace once chirality
control is achieved during growth. What is clear from my work is that nanotube
properties such as the number of walls, the length of tubes, the propensity for nucleation
and growth, the diameters of tubes, can all be manipulated according to the experimental
parameters and catalyst that is present. The real challenge for the nanotube community is
to determine what conditions work best for a particular type of product that is desired, i.e.
what reaction conditions and materials are best suited to the production of chiral-specific
SWNTs. As a group of interested scientists in the field of nanotube growth, we have for
the most part stuck to a set of favored conditions for nanotube growth, and have rarely
worked to elaborate the precise chemical reasons for adopting these conditions. This is
quite different from the approach taken by industry; when studying new catalysts that are
earmarked for industrial use, industry works to create a volcano plot of the catalyst
reactivity according to a large parameter space, and so can narrow the precise conditions
required to produce a material with a specific outcome. To aid in this matter I propose the
creation of a “catalyst activity map” to understand the appropriate set of reaction
conditions that best suit the desired outcome.
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One of the bottlenecks to this problem is the lack of an adequate, and high
throughput technique for characterization of SWNT products. I have reason to believe
that the use of secondary electron microscopes can be better utilized to this end, as
indicated in Chapter 5 by the nanotubes that were found to fade in and out of the image
when probed at varying scan rates. I suggest that this is caused by the electronic property
of the individual nanotubes and could eventually be used to at least state qualitatively
whether a nanotube is either metallic or semiconducting in nature. To further this work
there are several avenues that can be followed, the most immediate of which is to test this
theory with the use of sorted nanotubes that are of equivalent bandgap. Further, adding
dopants to close the bandgap of the nanotube, thus making them more metallic, could test
the effect of doping on the samples; in this way one could test whether they respond more
like metallic nanotubes after doping has occurred. If a high throughput technique that is
commonly used like the SEM could also be used to probe the electronic properties of
nanotube samples then the turnaround time from development to product could be greatly
reduced.
In conclusion, carbon nanomaterials were grown in a variety of experimental setups, under a broad range of conditions, and using a number of different reactants. In total
this work demonstrates that regardless of these differences the growth of CNTs can be
understood to be very similar to carbon fibers, and that control of the product will require
careful selection of the reaction parameters. To this end both a ‘catalyst activity map’ and
a ‘process map’ should be created to better understand the landscape of nanotube
catalysis. In all, this correlates with what is currently accepted in the field of catalysis and
suggests that, just as today’s carbon fibers are produced with a high degree of accuracy,
soon it will be possible to do the same for carbon nanotubes.
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Dendrimer-Assisted Self-Assembled
Monolayer of Iron Nanoparticles for Vertical
Array Carbon Nanotube Growth
Noe T. Alvarez,†,‡ Alvin Orbaek,†,‡ Andrew R. Barron,†,‡,§ James M. Tour,†,‡,§ and
Robert H. Hauge*,†,‡
Department of Chemistry, The Richard E. Smalley Institute for Nanoscale Science and Technology, and Department
of Mechanical Engineering and Materials Science, Rice University, Houston, Texas 77005

ABSTRACT Self-assembled monolayers (SAMs) of iron oxide nanoparticles have been prepared using carboxylic-acid-terminated
dendrimers. The iron-containing SAM was used as the catalyst for growth of vertical arrays of carbon nanotubes (CNTs). This approach
has the potential for producing diameter controlled CNTs from premade catalyst nanoparticles as well as large scale production of
CNTs by chemical vapor deposition.
KEYWORDS: nanotubes • catalyst • nanoparticles • monolayer • self-assembly

S

ince their discovery, carbon nanotubes (CNTs) have
become a material central to the field of nanotechnology. Their physical properties (1, 2) have the
potential to impact a wide range of applications, including
the development of field emitters (3, 4), capacitors (5, 6),
field-effect transistors (7), applications in radio-receptor
devices (8, 9), energy storage (10), and fiber and coating
composites (11, 12), among others. Some of these applications demand large-scale synthesis of CNTs; however, CNT
mass production is still an inefficient and expensive process.
Of the many CNT synthesis methods, those that grow
vertical array (VA)-CNTs have several advantages, such as
alignment, control over the CNT length, and reduced catalyst
content. Unfortunately, the known processes for the creation
of the catalysts for VA-CNT growth require the use of vacuum
deposition conditions, such as electron beam evaporation
of iron. Such methods are not as conducive to scale-up as
an all liquid phase process. In such an approach, a suitable
pro-catalyst would be synthesized by wet chemistry techniques that allow for control over the particle diameter and
composition. These particles would then be assembled into
a two-dimensional monolayer on the catalyst support surface for VA-CNT growth. Spin coating-enabled deposition of
thin layers of catalyst that support VA-CNT growth has been
reported (13, 14), however, our studies have shown that
control of monolayer formation over large areas using spin
coating is not straightforward. Here we report that VA-CNT
growth may be accomplished from iron oxide nanoparticle
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pro-catalysts that are deposited as a self-assembled monolayer (SAM) on alumina substrates that have been shown to
be a key component for successful VA-CNTs growth (15-17).
The particle assembly takes place through -CO2H-terminated dendrimers binding to the substrates as well as the
catalyst nanoparticle.
It has been shown that -CO2H terminated metal oxide
nanoparticles may be used as catalyst precursors for the
arrays and surface growth of CNTs (18-20); in addition, the
exchange of iron oxide-based nanoparticle -CO2H ligands
readily occurs (21). Thus, with a -CO2H terminated surface
on the alumina substrate the nanoparticle pro-catalysts are
expected to form a SAM. In separate studies we have shown
that the most efficient ligand for binding to an alumina surface
is the CO2H group (22-25). Based on the forgoing criteria a
suitable coupling ligand would be a molecule with many
terminal -CO2H groups such as a -CO2H-terminated polyamidoamine dendrimer (PAMAM-CO2H). When PAMAMCO2H interacts with the alumina surface, it does through
multiple -CO2H moieties (23, 25); however, the large
number of terminal -CO2H groups (n ) 128) and the
spherical shape of the dendrimer particle will mean that
some number of -CO2H groups will not be bound to the
alumina surface. These free -CO2H groups can undergo
ligand exchange with the -CO2H from the oleic acid on the
nanoparticle until the dendrimer surface is saturated with
pro-catalyst nanoparticles (Scheme 1). Once nanoparticles
cover the dendrimer surface and all the terminal -CO2H
group are occupied, there is no chemical driving force for
more particles to form on the surface, producing monolayer
coverage. Prior studies (26) have shown that at pH 7 and
above, multilayer dendrimers are not formed.
Monolayers of PAMAM-CO2H (G ) 4.5; MW ) 26 251.86)
were deposited at 60 °C by dipping alumina-coated silicon
wafers in a PAMAM-CO2H/MeOH solution (132 µM). Subsequently, the PAMAM-CO2H functionalized alumina was exVOL. 2 • NO. 1 • 15–18 • 2010
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Scheme 1. Cartoon Illustrating the
Dendrimer-Assisted Formation of a SAM of Fe
Nanoparticles on Al2O3 Substrates That Leads to the
Production of a Vertical Array of Carbon Nanotubes

posed to oleic-acid-functionalized iron oxide nanoparticles
(4.3 nm mean diameter, 2.0 and 11.5 nm min and maximum diameter, respectively) in hexane in a closed vial at
50 °C for 30 min, followed by a MeOH rinse and wash. After
being washed, the substrates were dried with N2 and calcined at 375 °C under air before being placed in the CNT
growth reactor described elsewhere (27, 28). CNT growth
was carried out at 750 °C for 15 min using C2H2 as the
carbon source. H2 and H2O were provided in a manner
similar to that of the supergrowth technique (28, 29). Prior
to growth, atomic hydrogen from a hot tungsten filament
was used to reduce the iron oxide nanoparticles for 30 s
(27, 28). The AFM image (Figure 1a) of the dendrimerassisted SAM prior to CNT growth shows a uniform textured
surface with individual features consistent with the catalyst
particle size. Ellipsometry measurements indicate a dendrimer/pro-catalyst film thickness of 22 nm. Although this
is larger than the average diameter of the iron oxide procatalyst nanoparticles (4.3 nm, AFM and TEM images in the

Supporting Information, Figure S1), it is consistent with
monolayer formation given the inclusion of the nanoparticles and the linkage dendrimer (30). Additional evidence
for monolayer formation are the XPS measurements; the
SAM nanoparticle film gives a Al signal intensity similar to a
typical 1 nm evaporated iron catalyst (Figure 1b). Given the
special limitations of the SAM film (30) versus the more
densely evaporated film, this is reasonable. In fact, the less
dense arrangement of the SAM is indicated by a comparison
with an evaporated Fe film of comparable depth to the
average nanoparticle diameter (i.e., 4 nm). As may be seen
from Figure 1b, the 4 nm evaporated film has an Al signal
intensity at least four times less than our nanoparticle SAM
film. Furthermore, as expected, the Fe signal intensity is less
for our nanoparticle SAM film than the evaporated film (see
the Supporting Information, Figure S2).
VA-CNTs grown from preformed nanoparticles have been
reported in the past; when small-diameter particles were
used, larger CNT diameters were observed. This is likely an
indication that when the particles were sintered they coalesced to form larger particles, that more than one particle
layer was present, and/or that the lateral spatial distribution
was nonuniform (18). If there are multiple layers of particles,
then it would be expected that sintering and ripening effects
would take place and the subsequently larger catalyst particles would then produce larger diameter CNTs than the
original or parent catalyst particles (18, 31). Therefore, a
monolayer arrangement of particles is considered necessary
to achieve reliable correlation between the size of the particle
and the diameters of the CNTs produced from the particles.
The VA-CNTs grown from SAMs of catalyst nanoparticles
produced in this work are similar in length to typical
evaporated catalyst samples (Figure 2a). The VA-CNTs are
free-standing, cover the entire surface of the substrate and
have a height of ∼25 µm (Figure 2b and the Supporting
Information, Figure S3). This is unlike CNTs grown from
catalyst layers, which were produced using spin coating or
drop drying, where irregular patches of CNTs were often
observed. The VA-CNTs grown from the preformed nanoparticle SAMs have typical diameters of 4-5 nm (Figure 3a
and the Supporting Information, Figure S4) and the number

FIGURE 1. (a) AFM image of dendrimer-assisted iron oxide nanoparticle monolayer film and (b) XPS spectra of the Fe nanoparticle monolayer
film compared to 1 and 4 nm thick electron beam evaporated Fe catalyst.
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FIGURE 2. SEM images of VA-CNTs grown from dendrimer-assisted iron oxide nanoparticle monolayers: (a) top view and (b) side view of the
VA-CNTs.

FIGURE 3. (a) TEM images and (b) Raman spectra of VA-CNTs grown from dendrimer-assisted iron oxide nanoparticle monolayer films.

of walls is in the 2-4 range by TEM analysis. VA-CNTs were
sonicated in ethanol for 15 min before drying a drop of the
CNT dispersion on lacey carbon TEM grid. The Raman
spectra taken on solid samples at 514, 633, and 785 nm
excitation wavelength show that VA-CNTs are similar to
CNTs grown from electron beam evaporated catalyst (Figure
3b). The D/G ratios are low and their length is in the same
range.
The technique described herein opens a route to diameter
controlled production of VA-CNTs; we think it will be possible
to determine the VA-CNT diameter prior to growth based on
control of the particle size. This work is in progress. The use
of dendrimers in CNT growth has been previously explored,
but is limited to assisting in diameter control of the catalyst
particles when synthesized in the liquid phase (32-35). In
contrast, our use of dendrimers allows for solution-based
deposition of a SAM of predetermined size catalyst that
allows for successful growth of VA-CNTs.
In summary, we report the preparation of a SAM of a
predetermined size of iron oxide nanoparticles on an alumina surface. This self-saturated SAM film provides diameter
controlled growth of VA-CNTs.
Experimental Section. Iron oxide nanoparticles were
synthesized using a modification of the method by Sun
and Zeng (36) where Fe(III) acetylacetonate is used in a
condensation reaction using an excess 1,2-hexadecanediol
www.acsami.org

in the presence of oleic acid and olyel amine. The reactants
were mixed in solution with benzyl ether as solvent and
reflux for 45 min. Then, excess ethanol was added to
precipitate the particles and the mixture was centrifuged for
5 min at 4000 rpm, this process was repeated to further
remove the organic solvents. The particles were redispersed
in hexanes with assistance of additional oleic acid. For the
polyamidoamine dendrimer (PAMAM-CO2H) monolayer selfassembly, PAMAM-CO2H was diluted in methanol and heated
to 60 °C. Alumina coated Si wafer substrate was dipped into
the methanol/ PAMAM-CO2H solution and keep at 60 °C for
30 min. The substrate was removed from solution and
dipped into clean methanol and rinsed further with methanol. The substrate was dried with N2 flow and dipped into
the Fe nanoparticle/hexanes solution for 30 min at 50 °C.
The substrate was removed and dipped into clean methanol
and further rinse with methanol. These substrate with dendrimer/catalyst were placed into the CNT growth reactor at
750 °C for 15 min. The CNT growth protocol uses a 30 s
atomic hydrogen reduction and then C2H2, H2O, H2 were
supplied during the growth period, which is described
elsewhere (27, 28). All chemicals and solvents were purchased from Sigma Aldrich (Milwaukee, WI) and they were
used as purchased without any additional treatment. AFM
images were recorded with a NanoScope IIIa, Digital Instruments (Veeco Metrology group, Santa Barbara CA), in tapVOL. 2 • NO. 1 • 15–18 • 2010
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ping mode. SEM images were taken with an environmental
SEM (FEI Quanta 400) at 20 KV, XPS spectra was collected
with a PHI Quantera SXM (Chanhassen, MN), TEM micrographs were taken with JEOL field emission gun transmission electron microscopy. The Raman spectra was collected
with an inVia micro-Raman spectrometer (Renishaw, Gluocestershire, U.K.).
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ABSTRACT: Due to the unique physicochemical properties of
nanomaterials (NM) and their unknown reactivity, the possibility of NM altering the optical properties of ﬂuorometric/
colorimetric probes that are used to measure their cyto- and
genotoxicity may lead to inaccurate readings. This could have
potential implications given that NM, such as ultraﬁne superparamagnetic iron oxide nanoparticles (USPION), are increasingly ﬁnding their use in nanomedicine and the absorbance/
ﬂuorescence based assays are used to assess their toxicity.
This study looks at the potential of dextran-coated USPION
(dUSPION) (maghemite and magnetite) to alter the background signal of common probes used for evaluating cytotoxicity (MTS,
CyQUANT, Calcein, and EthD-1) and oxidative stress (DCFH-DA and APF). In the present study, both forms of dUSPION caused
an increase in MTS signal but a decrease in background signal from calcein and 3'-(p-aminophenyl) ﬂuorescein (APF) and no eﬀect
on CyQUANT and EthD-1 ﬂuorescence responses. Magnetite caused a decrease in ﬂuorescence signal of DCFH, but it did not
decrease ﬂuorescence signal in the presence of the reactive oxygen species-inducer tert-butyl hydroperoxide (TBHP). In contrast,
maghemite caused an increase in ﬂuorescence, which was substantially reduced in the presence of the antioxidant N-acetyl cysteine.
This study emphasizes the importance of considering and controlling for possible interactions between NM and ﬂuorometric/
colorimetric dyes and, most importantly, the oxidation state of dUSPION that may confound their sensitivity and speciﬁcity.

T

he nanotechnology industry is growing at a rapid rate, with
the increased design and development of novel engineered
nanomaterials (NM), with diverse and wide ranging applications
not only in industry, but also as consumer products and in the
ﬁeld of medicine. The growing production and utilization of NM
has inevitably resulted in increased occupational, clinical, and
consumer exposure to these substances and is likely to lead to an
accumulation of NM in the environment. However, as of yet the
eﬀects these engineered substances have on human health and
the environment especially, in the long term, still remain largely
unknown.
Over the last 5!6 years there has been a steady increase in
studies focusing on the toxic eﬀects of NM,1!5 but this does not
reﬂect the exponential growth in the nanotechnology industry.
Thus, the ﬁrst report by the Royal Society and Royal Academy
of Engineering Report in 2004, has been followed with several
others including the European Scientiﬁc Committee on Emerging and Newly Identiﬁed Health Risks Report in 2006 and the
DEFRA report in 2007, followed by another European Scientiﬁc
Committee on Emerging and Newly Identiﬁed Health Risks
Reports and a European commission joint research center institute
for health and consumer protection report in 2009,6!10 all of
r 2011 American Chemical Society

which continue to emphasize the need for further study into the
safety of NM.
Traditional assays designed to quantify and characterize
cellular damage, induced following exposure to exogenous
agents, have been largely optimized for chemical compounds.
However, given the unique physiochemical properties associated
with NM, we cannot assume that they can be tested in the same
way. For example, the possibility of direct interaction between
NM and experimental assay components has the potential to
result in false or misleading information, which could be a
complicating factor in safety assessments. Some such instances
have been documented in the literature, with reports demonstrating that single walled carbon nanotubes interact with a
number of ﬂuorometric and colorimetric dyes, to give unexpected results in cell viability assays.11!13 Furthermore, boron
nitride nanotubes have been shown to interfere with the MTT
cell viability test.14 It must also be stressed that due to the unique
properties of each type of NM, we are currently unable to predict
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behavior, thus tests on these substances must be done on an NM
by NM basis.
NM are deﬁned as substances with at least one dimension
smaller than 100 nm, with diﬀerent physiochemical properties
compared to their micrometer sized counterparts due to their
high surface area. In some cases the small dimensions make NM
more chemically reactive, with particle size inversely proportional to bioactivity and toxicity.15!19 High surface area can also
change the strength and electrical conductivity of the material,
while the quantum eﬀects associated with NM result in unique
optical, electrical, and magnetic behavior. For example, when
smaller than 20!30 nm, iron oxide nanoparticles (NP) become
superparamagnetic; a property that makes this particular material
very useful in a number of biomedical applications including
magnetic drug targeting, as a contrast agent to enhance MRI
imaging and in magnetic tumor ablation through hyperthermia.20
Given the potential clinical applications of ultraﬁne superparamagnetic iron oxide nanoparticles (USPION), evaluation of
their safety is critical. Several studies already exist in the literature
suggesting that iron oxide nanoparticles are toxic to cells and
induce oxidative stress. For example, in 2003 Berry et al. showed
that human dermal ﬁbroblast cells treated with either dextran
coated- or uncoated-magnetite NP exhibit cell death and reduced
proliferation.21 Another study reports that exposing iron oxide
NP to human microvascular endothelial cells induces reactive
oxygen species (ROS) production, that leads to the remodelling of
microtubules and subsequently to increased cell permeability.22
In this study we investigated whether common assays used for
the measurement of oxidative stress, cell viability, and cell growth
are compatible with dextran coated ultraﬁne superparamagnetic
iron oxide NP (dUSPION), to measure these parameters. We
examined the interactions of dUSPION with cell viability assays:
3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium (MTS), calcein, CyQUANT,
and ethidium homodimer (EthD-1) in a cell free system. We
also performed similar studies for oxidative stress assays: 20 ,70 dichloroﬂuorescein-diacetate (DCFH-DA) and 30 -(p-aminophenyl)
ﬂuorescein (APF). Furthermore, using the antioxidant N-acetyl
cysteine (NAC), we examined the potential of dUSPION to
initiate ROS production in a cell-free system, and using tert-butyl
hydroperoxide (TBHP) as a source of ROS, we examined the
potential antioxidant properties of magnetite.

’ MATERIALS AND METHODS
Materials. dUSPION were purchased from Liquids research,
Bangor, UK. RPMI 1640, horse serum, and Hanks balanced salt
solution (with NaHCO3, without phenol red, calcium chloride,
and magnesium sulfate) were purchased from Gibco, UK. Sodium
hydroxide, glucose, sodium phosphate monobasic, and sodium
phosphate dibasic were purchased from Fisher Scientific, UK.
N-Acetyl-L-cysteine (NAC) and dimethyl sulphoxide (DMSO)
were purchased from Sigma-Aldrich, UK. Tissue culture black
microplates (96 well) were purchased from Greiner Bio-one, UK,
and clear 96-well tissue culture microplates were purchased from
Nunc, UK. CellTiter 96 Aqueous One Solution reagent was from
Promega UK, Southampton, UK. CyQUANT probe, live/Dead
Viability/cytotoxicity Kit, DCFH-DA, and APF were purchased
from Invitrogen molecular probes, Paisley, UK.
Methods. Preparation of dUSPION. dUSPION were supplied
in suspension in water at a concentration of 10 mg/mL. dUSPION
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was diluted to the appropriate concentrations in distilled water and
vortexed for 10 s immediately before use.
Characterization of dUSPION. Dynamc Light Scattering
(DLS). The hydrodynamic particle size of dUSPION samples
were obtained by DLS. The measurements were performed using
a Malvern 4700 spectrometer (Malvern instruments Ltd., UK)
either in RPMI with 1% horse serum or in Hepes-buffered
(20 mM) Hanks balanced salt solution with glucose (5 mM)
(pH 7.4). Data is presented as the average values of 15 readings.
X-ray Photoelectron Spectroscopy (XPS). The samples were
dried on an Indium substrate and examined with a PHI Quantera
SXM(TM) (Ulvac-phi, Inc., Japan). All data points were acquired using a beam spot size of 200 um, 40 W, and 15 kV, under
a pressure of 5 " 10!9 Torr. The electron source was Al monochromatic with a tilt angle of 45!, operating at 26 eV. Maghemite
was acquired from 700 to 720 eV, using 70 sweeps with a bandpass energy of 26 eV. Oxygen was acquired from 525 to 537 eV,
using 35 sweeps with a bandpass energy of 26 eV. Carbon was
acquired from 278 to 293 eV, using 25 sweeps and a bandpass
energy of 26 eV. Survey scans were completed from 0 to 1100 eV
using 3 sweeps with a bandpass energy of 140 eV. Each sample
was acquired on its own to prevent the possible contamination
from previous samples.
Zeta Potential. The z-potential values of the dUSPION were
determined by Zetasizer 2000 (Malvern instruments Ltd., UK).
The nanoparticles were prepared in water, and the z-potential
values are presented as the average readings of 10 experiments.
Transmisson Electron Microscopy (TEM). dUSPION samples for TEM were prepared by dispersion in methanol, then
drop-casting on holey carbon TEM support films (Cu-grids) and
air-dried. TEM was performed using a Philips/FEI CM200 field
emission gun TEM fitted with an Oxford Instruments ultrathin
window EDX detector and ISIS software plus a Gatan Imaging
Filter (GIF200) with Digitialmicrograph software. The microscope was operated at 197 keV.
Viability and Oxidative Stress Assays. The first step for all
assays was loading of dUSPION concentration range onto 96-well
plates. After addition of the probes specified below, the fluorescence or absorbance was measured on a POLARStar Omega plate
reader (BMG Labtech, Aylesbury, UK). For all assays each dose of
dUSPION was performed in triplicate within the plate, and each
plate was performed in triplicate on three different days, thus
accounting for both intra- and interplate variability, respectively.
MTS Assay. The MTS assay it is based on the reduction of the
tetrazolium compound MTS and an electron coupling reagent
(phenazine ethosulfate; PES) into a soluble formazan product.
This conversion takes place only in the presence of metabolically
active cells, utilizing the mitochondrial dehydrogenase enzyme.
The formazan product can be measured by absorbance at 490 nm,
which is directly proportional to the number of live cells in
culture and can thus be used for determining the number of
viable cells in proliferation or cytoxicity assays. A 20 μl portion of
CellTiter 96 Aqueous One Solution reagent was added to each
well of a 96-well plate already loaded with 100 μl of dUSPION
at different concentrations; then plates were incubated in a
humidified incubator at 37 !C for 1 h, and the absorbance was
measured at 490 nm.
CyQUANT Assay. A CyQUANT probe was prepared per the
manufacturer’s instructions for use, 200 μl of this was added to
the wells of a 96-well plate already loaded with dUSPION, and
fluorescence was measured after 5 min (fluorescence excitation
and emission at 480 and 520 nm, respectively).
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Live/Dead (calcein/EthD-1) Assay. The Live/Dead Viability/
cytotoxicity Kit was used with final concentrations of 10 μM
Calcein or 20uM EthD-1 added to the appropriate volumes of
dUSPION in a 96-well plate. The fluorescence was read after 1 h.
For calcein fluorescence, the excitation and emission wavelengths utilized were 485 and 530 nm respectively, while for
EthD-1, the wavelengths were 530 and 645 nm. The principle of
using calcein is that the cell’s ubiquitous esterase activity converts
the virtually nonfluorescent, cell-permeant calcein AM, to the
highly fluorescent calcein, which is retained within the cell. On
the other hand, EthD-1 is used to detect dead cells as it cannot
enter through the intact plasma membrane of live cells; it can,
however, easily enter damaged cells. Upon binding to cellular
nucleic acids, EthD-1 increases in fluorescence intensity 40-fold
producing a bright red fluorescence detected at 635 nm.
DCFH-DA Assay. DCFH-DA assay is based on the principle
that upon internalization, the diacetate (DA) portion of the
hydrophobic dye is cleaved by intracellular esterases. The resulting DCFH is nonfluorescent until it is oxidized by ROS to its
highly fluorescent product DCF. Initiation of the DCFH-DA
assay requires this DA portion of the molecule to be cleaved, and
in acellular systems, this cleavage can be achieved via chemical
means using sodium hydroxide (as in the present study) or using
media. The excitation of the DCF molecule at 485 nm emits
green fluorescence at levels proportional to the amount of ROS
present, which can be detected at 520 nm.
DCFH-DA was dissolved in DMSO to a concentration of 1 M
and was further diluted to the appropriate concentration with
Hepes-buﬀered (20 mM) Hanks balanced salt solution with
glucose (5 mM) (pH 7.4). Before using DCFH-DA in a cell free
system, chemical cleavage of the diacetate (DA) portion was
necessary by incubation with 10 mM NaOH in the dark, at room
temperature, for 30 min. The resulting DCFH was neutralized
with 25 mM phosphate buﬀer (1:1 sodium phosphate monobasic:
sodium phosphate dibasic) (pH 7.4) and the solution was kept in
the dark, on ice until use. A 2 μM portion of DCFH was then added
to the wells of a 96-well plate previously loaded with dUSPION,
and ﬂuorescence was measured over 1 h with ﬂuorescence excitation and emission at 480 and 520 nm, respectively.
To determine if the increases in ﬂuorescence signal observed
with maghemite was indeed due to the generation of ROS
induced by dUSPION (as opposed to dUSPION interaction
with assay components exclusively), further experiments were
performed in the presence of 2 mM NAC, which was applied to
the plates with dUSPION, prior to DCFH. The concentration of
NAC used (2 mM) was chosen, as preliminary studies showed
this concentration to be suﬃciently potent to reduce dUSPION
induced increases in DCFH signal. Also, to determine whether
the decrease in ﬂuorescence observed with magnetite was due
to interactions with DCFH or whether magnetite actually has
antioxidant properties, experiments were done to see whether
the presence of magnetite can prevent or reverse TBHP-induced
oxidative stress. For this, TBHP (25 mM) was applied to the
plates with dUSPION and compared to wells loaded with TBHP
alone, to look for a reduction in ﬂuorescence.
For all DCFH experiments, because of the dynamics of the
DCFH ﬂuorescence over time, time zero readings were subtracted from time 60 min readings.
APF Assay. APF was added to a dUSPION preloaded 96-well
plate giving a final concentration of 8 μM, and fluorescence
was measured over 1 h (fluorescence excitation and emission at
480 and 520 nm, respectively).
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Table 1. Characterization of dUSPION: Summary of the
Physicochemical Features of the dUSPION Assessed under
Experimental Conditions
maghemite

magnetite

diameter (DLS; nm)
• In RPMI-1640 with 1% serum

80.3 ( 6.0

143.2 ( 11.5

• In hepes-buﬀered HBSS with glucose

91.0 ( 31.9

128.3 ( 2.0

zeta-potential (mV)
XPS ratio (Fe2þ/Fe3þ)

!11.4 ( 2.5

0.118

!12.0 ( 1.6

0.435

Statistical Analysis. A one-way ANOVA with a two-sided
Dunnett’s post hoc test was performed for each data point (n = 3)
comparing each one to its relevant untreated control. Fisher’s
exact test was used to compare each dose of dUSPION treatment
with NAC to its relevant zero NAC control. For all graphs, data is
presented as percentage of control without dUSPION inclusion.

’ RESULTS AND DISCUSSION
Several recent studies have investigated the potential of engineered NM to induce cytotoxicity, oxidative stress, and genotoxicity. However, results from these studies are not always consistent,
and consequently, a great degree of uncertainty regarding the
true toxicity of NM still exists.1,2,4,23!28 One potential explanation
for this uncertainty is the lack of standardized protocols and a
deﬁciency in appropriate controls when using certain assays for
studying the toxic eﬀects of NM.23,28!30 We have previously shown
that standard DNA damage assays also need modiﬁcation when
dealing with NM as opposed to chemicals for which they were
originally optimized.28 When considering the best approach for
characterization of NM, it must be recognized that due to their
unique physicochemical properties it cannot be assumed that NM
can be tested in the same way as chemicals and that there may be
some confounding factors skewing the results, which may result
in misinterpretation of data sets. In fact, previous studies have
shown that carbaceous NM and nanotubes interact with a range of
colorimetric and ﬂuorometric probes used for testing cytotoxicity
and oxidative stress, including MTT, neutral red, IL-8 cytoset
ELISA, almar blue, WST-1, and Coomasie blue assays, and is
thought to be due to the adsorbing properties of NM resulting in
false readings.11!13,31!34
Interactions between NM and assay components are particularly problematic when these test systems are central to assessing
NM safety. Thus, where colorimetric and ﬂuorometric dyes are
to be relied on for experimental test systems, potential alteration
of background signal due to interference imparted by the NM
must be considered, the importance of which is demonstrated in
the present study using dUSPION.
The physicochemical features of dUSPION were assessed
under experimental conditions (Table 1), and as shown in
Figure 1, both maghemite and magnetite dUSPION were
spherical with a core diameter of ∼10 nm. However, the latter
dUSPION exhibited a slightly more pronounced degree of
agglomeration.
When using the MTS assay in a cell-free system, both dextrancoated maghemite and magnetite showed no signiﬁcant change
in absorbance levels, between concentrations of 1 " 10!3 and
10 μg/mL as illustrated in Figure 2a. However, 100 μg/mL of
both maghemite and magnetite dUSPION samples caused a
signiﬁcantly dramatic (9.5- and 6.5-fold, respectively) increase
3780
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Figure 3. Eﬀect of dUSPION exposure on calcein ﬂuorescence in a cell
free system, n = 3 signiﬁcantly (*p < 0.05) diﬀerent to untreated control.
Figure 1. TEM images of (a) maghemite and (b) magnetite.

Figure 2. Eﬀect of dUSPION exposure on (a) MTS absorbance readings in a cell free system and (b) on absorbance in the absence of the
MTS reagent, n = 3 signiﬁcantly (*p < 0.05) diﬀerent to untreated
control.

in background absorbance in an acellular system (p < 0.05)
(Figure 2a). For investigating whether the optical properties of
dUSPION have a direct eﬀect on absorbance readings, the
absorbance of dUSPION alone at the wavelength required for
the MTS assay was investigated. Interestingly, the results showed
that 100 μg/mL of dUSPION are capable of signiﬁcantly
increasing the absorbance readings compared to the control
level in the absence of the MTS reagent (p < 0.05) (Figure 2b).
The MTS assay is a simple and sensitive colorimetric method
that has been used in the past to quantitate NM induced cytotoxicity, including zinc oxide, titanium dioxide, and silica- and
alkoxy silane coated iron oxide NP.35,36 However, in the current
study it is clearly demonstrated that dUSPION induce a substantial
increase in absorbance at the wavelengths required for the MTS
assay, thereby severely confounding the sensitivity and speciﬁcity of
the assay for quantifying cell viability in response to dUSPION
exposure. This could potentially lead to misinterpretations of

biological response. This suggests that MTS can be used to evaluate
viability of cells treated with dUSPION only if it is taken into
consideration that higher concentrations of dUSPION might aﬀect
background signal. The present study is not alone in demonstrating NM-induced tetrazolium-based assay interference. Studies
have also shown that carbon nanotubes can adsorb another
common tetrazolium compound, MTT, used for cytotoxicity
studies, onto their surface leading to a quenching and an
alteration in absorbance.11,12 However, the eﬀect in the case of
dUSPION depends on the type of probe and the oxidation state
of the dUSPION used.
Incubation of dUSPION with theﬂuorescent probe calcein (also
frequently used to quantify cell viability), resulted in a dosedependent decrease in the intensity of the resultant ﬂuorescent
signal at 520 nm with 1 ! 10"2 μg/mL maghemite, reaching signiﬁcance at 10 μg/mL (p < 0.05; Figure 3). A similar proﬁle was also
observed with magnetite, but only the highest concentration (100
μg/mL) signiﬁcantly reduced the calcein ﬂuorescent signal in a cell
free system (p < 0.05). The reduction in ﬂuorescence intensity
observed at the higher dUSPION concentrations suggests quenching is induced by the NP that is independent of their oxidative status.
The precise mechanism involved in the assay interferences
observed is not well understood. It is evident that dUSPION
alters the optical properties of the assay probes. It is known that
carbon NM such as single walled carbon nanotubes (SWCNT)
can adsorb dyes onto their surface, likely through van der Waals
forces which subsequently quench or alter their absorbance or
ﬂuorescent properties.11,34 It is not known if dUSPION adsorb
colorimetric and ﬂuorometric dyes in the same manner as
SWNCT. According to Worle-Knirsch et al. in 2006 and later
veriﬁed by Casey et al. in 2007, SWNCT interact with insoluble
MTT-formazan crystals that are formed after MTT reduction by
cellular enzymes.11,34 However the present study was in a cell free
system, thus dUSPION are unlikely to interact with MTS in
exactly the same way as SWNCT interact with MTT. However, it
is possible that dUSPION somehow adsorb calcein and MTS
onto their surface leading to quenching of ﬂuorescence in the
case of calcein and enhancement of absorbance readings in the
case of MTS. Interestingly, a dUSPION solution alone examined
without the MTS assay components signiﬁcantly increased
absorbance readings at 490 nm to levels similar to that seen with
the MTS assay components. This suggests that the increased
MTS response is mostly due to the contribution of dUSPION’s
own optical properties (Figure 2b). Potentially, factors such as
surface chemistry, fabrication process, or types of surfactants
used to disperse the NM (in this study, dextran) may also play a
role in governing the interactions and degree of interference with
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Figure 4. Eﬀect of dUSPION exposure on CyQUANT ﬂuorescence in
an acellular system (n = 3).

Figure 5. Eﬀect of dUSPION exposure on EthD-1 ﬂuorescence emission in a cell free system (n = 3).

colorimetric and ﬂuorometric dyes. However, in the present
study, dextran alone without the MTS assay components did not
increase absorbance levels at 490 nm (data not shown).
An alternative cell viability test system, the CyQUANT assay
is a sensitive technique used for the determination of cell numbers in culture, and unlike MTT or MTS, this assay does not depend
on cellular metabolic activity. This assay is based on the CyQUANT
GR dye ﬂuorescing only when bound to cellular nucleic acids (DNA
and/or RNA) in lysed cells. The current study shows that in a cellfree system increasing concentrations of maghemite or magnetite
did not interfere with the assay (up to 100μg/mL; Figure 4). Thus,
this assay could be used as an alternative to the MTT or MTS assays.
Similarly, neither form of dUSPION used in this study interfered
with EthD-1 ﬂuorescence in a cell free system (Figure 5).
Interestingly, as opposed to the other probes tested in this
study, the function of which is reliant on chemical reactions, both
CyQUANT and EthD-1 work through enhancing ﬂuorescence
intensity upon binding to nucleic acids. While dUSPION appear
to present limited interference when the assay is dependent on a
physical change, such as binding to nucleic acids, it appears that
if the assay relies on a chemical reaction, the dUSPION may
be interacting with the assay components directly or may be
interfering at some step in the chemical reaction.
Fluorescence-based dyes are also key reporters for oxidative
stress, for example the ﬂuorometric probe DCFH-DA is widely
used for the detection of intracellular ROS.37,38 As illustrated in
Figure 6a, there was a dose-dependent decrease in ﬂuorescence
intensity of DCFH with increasing concentrations of magnetite,
which was signiﬁcant at concentrations of 1, 10, and 100 μg/mL
(p < 0.05; Figure 6a). TBHP and increasing concentrations of
magnetite demonstrated a synergistic eﬀect with a dose dependent
increase in ﬂuorescence, reaching signiﬁcance at 100 μg/mL of
magnetite (p < 0.05; Figure 6a). Our results suggest that this

Figure 6. Eﬀect of dUSPION on DCF ﬂuorescence response in an
acellular system: (a) magnetite and (b) maghemite in the absence or
presence of 2 mM NAC. Signiﬁcantly (*p < 0.05) diﬀerent relative to
zero dUSPION control and signiﬁcantly (**p < 0.05) diﬀerent relative to
zero dUSPION control with TBHP treatment. Signiﬁcantly (*p < 0.05)
diﬀerent relative to zero dUSPION control, and signiﬁcantly (**p <
0.05) diﬀerent when comparing each dose of dUSPION treatment plus
NAC to its relevant zero NAC control. n = 3 for each experiment.

decrease in DCF signal is not due to any antioxidant eﬀect that
magnetite may have, since magnetite did not reduce TBHPinduced increases in DCF ﬂuorescence. Thus, it is likely that in
a cell free system magnetite quenches the ﬂuorescence response at
higher doses, possibly through adsorption of the probe onto their
surface. Somehow, in the presence of a ROS-inducer such as
TBHP, this eﬀect is reversed. The present results again demonstrate the unpredictability of responses when using such assays to
measure NM safety and the importance of performing preliminary
tests to check for assay!NM interactions.
Interestingly, maghemite presented the opposite response,
causing an increase in ﬂuorescence intensity from 1 μg/mL. At
subsequent concentrations, the increase in ﬂuorescence signal was
dramatic, equating to a 60-fold elevation at 10 μg/mL and a 40fold increase in background ﬂuorescence when 100 μg/mL
maghemite was used (Figure 6b). To determine whether this increase in signal was indeed caused by oxidative stress, the experiment was repeated in the presence of the antioxidant NAC. The
maghemite-induced increase in ﬂuorescence signal at 1, 10, and
100 μg/mL was indeed found to be signiﬁcantly reduced (p <
0.05). Thus, demonstrating that maghemite induces oxidative
stress in the acellular system (as opposed to interacting with
the dye itself) which can be substantially reduced using NAC
(Figure 6b). This suggests that maghemite has a much higher
oxidative potential than magnetite. It is possible that in the same
manner as magnetite, maghemite is able to quench ﬂuorescence
response at low concentrations. However, due to its higher
oxidative potential, at higher concentrations the massive increase
in oxidative species production masks any ﬂuorescence quenching
eﬀect that the maghemite may have, resulting in an overall increase
in ﬂuorescence response
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There are several examples in the literature of the ﬂuorescent
probe DCFH-DA being used for the quantiﬁcation of oxidative
stress induced by NM, as this is one of the primary mechanisms
associated with adverse cellular responses to NM. Some examples include iron oxide NP exposed to mesenchymal stem cells
and HeLa (human cervival carcinoma) cells, SWCNT-induced
ROS in HaCaT (human keratinocyte) cells, ambient ultraﬁne
particles, cationic polystyrene nanospheres, TiO2, fullerol NP
and carbon black in RAW 264.7 phagocytic cells, and silver nanoparticles in human hepatoma and skin keratinocytes.4,39!42 It is
not clear from these studies whether the possibility of confounding factors, which we have found to be associated with NM, have
been taken into consideration, and whether the appropriate
controls have been included.
The distinct diﬀerence in the oxidative potential of maghemite
and magnetite may be related to the oxidative state of the iron
ions in the complex. In maghemite (Fe2O3) iron ions are mostly
Fe3þ, while in magnetite (Fe3O4) they are a mixture of Fe3þ and
Fe2þ with a Fe2þ/Fe3þ ratio of 0.43543 (Table 1). It is possible
that Fe2þ surface ions undergo Fenton reaction by reacting with
any H2O2 that may be available within the aqueous environment
of the assay, to produce a hydroxyl radical. H2O2 can also react
in a Fenton-like reaction with Fe3þ to generate [FeIIIOOH]2þ
which can go on to generate OOH 3 , OH 3 , or OH!, it has also
been suggested that reaction of Fe3þ with H2O2 generates superoxide. It is known that Fe2þ is more reactive than Fe3þ; however,
in the present study it seems that the Fenton-like reaction involving Fe3þ is more potent. One possible explanation for this is
the size of dUSPION agglomerates. Particle sizing using DLS
suggests that in the buﬀer used for the DCFH-DA assay (Hepesbuﬀered (20 mM) Hanks balanced salt solution with glucose
(5 mM)), magnetite forms bigger agglomerates than maghemite,
thus magnetite would have less exposed surface area and potentially less ions available to react (Table 1). It is also possible that
maghemite is a more stable molecule than magnetite and consequently does not release as many iron ions to react with the assay
components. Fenton and Fenton-like reactions are known to
generate diﬀerent ROS and intermediate species (see below).44
Thus, another possible explanation for the diﬀerences observed
when using the DCFH-DA assay is that DCFH-DA may not be as
sensitive in detecting ROS produced by magnetite as compared
to ROS produced by maghemite.
Fenton reaction Fe2þ
Fe2þ þ H2 O2 f Fe3þ þ OH! þ OH 3
or
Fe2þ þ H2 O2 f ½FeIV OH$2þ þ H2 O
Fenton-like reaction Fe3þ
Fe3þ þ H2 O2 f ½FeIII OOH$2þ þ Hþ
½FeIII OOH$2þ f Fe2þ þ OOH 3
or
½FeIII OOH$2þ f ½FeIV O$2þ þ OH 3
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Figure 7. Eﬀect of dUSPION exposure on APF ﬂuorescence response
in an acellular system, n = 3, signiﬁcantly (*p < 0.05) diﬀerent to
untreated control.

or
½FeIII OOH$2þ f ½FeV O$3þ þ OH!
Similar to DCFH-DA, APF is a ﬂuorometric probe used for
the detection of oxidative species. APF is oxidized by free radicals
to yield a highly ﬂuorescent product which can be detected at
520 nm. Concentrations of maghemite and magnetite between
1 % 10!3 and 1 μg/mL did not have a signiﬁcant eﬀect on the
resultant intensity of the APF ﬂuorescence signal. However, 10
and 100 μg/mL maghemite and 100 μg/mL magnetite caused a
signiﬁcant decrease in background APF ﬂuorescence signal
(Figure 7), which could be due to adsorption onto the surface
of the NPs, thus quenching the ﬂuorescence response. This is in
contrast to the results seen when using DCFH with maghemite,
which reported increased oxidative stress at 1!100 μg/mL
(Figure 6). This may be because APF is oxidized by fewer free
radical species than DCFH as it is much more selective, only
detecting the hydroxyl radical and peroxynitrite anion. Thus,
APF may not be detecting the speciﬁc ROS produced by
maghemite, which are possibly ROS products of Fenton-like
reactions. The contrasting results obtained from using these two
diﬀerent oxidative stress assays again highlights the diﬃculties
and complexity of testing the safety of NM.
Although this study sheds light on NP-USPION interactions
in an acellular environment, one important point is that the
undesirable interactions demonstrated in the present study may
or may not be mimicked exactly in a cellular milieu. It is quite
likely that these interactions will still occur in the culture media
when the cells are exposed to NP and the test reagent as demonstrated by Zhang and colleagues, who have shown that the brown
color of the USPION led to higher cell viability readings.45
Additionally factors in a cellular system, such as media components or cell debris, may modulate the interactions observed in
the acellular system. Alternatively, intracellular masking of NP
with proteins and other metabolites following cellular uptake
could result in a dampened interaction.

’ CONCLUSIONS
In conclusion, not all standard biological assays are compatible
with dUSPION and this holds great signiﬁcance because these
NM are routinely used in various biomedical applications subsequent to toxicity testing that utilizes colorimetric/ﬂuorometric
probes such as those used in the current study. The present study
shows that colorimetric assays such as MTS, and ﬂuorometric
probes including calcein, DCFH-DA, and APF can interact with
dUSPION especially at higher doses. Therefore, control
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experiments are essential to establish this threshold for interaction prior to the use of such probes for assessment of cell viability
and oxidative stress responses following exposure. Where such
interference is detected, alternative test systems should be used
and may even require those that do not rely on quantitating
colorimetric or ﬂuorometric changes. A number of studies can be
found in the literature which have used colorimetric and ﬂuorometric assays, but do not indicate whether the possibility of test
system/NM interactions have been controlled for. Thus, in some
of these cases, it is possible that results may be misleading due to
interactions between the NM and the selected test system,
thereby confounding interpretation. Test system/NM interactions may represent a source for some of the conﬂicting observations in the current literature, in reports assessing apparently the
same material but with diﬀerent experimental systems. Additionally, it is important to note that even subtle diﬀerences in oxidation state of the metal oxide NP is suﬃcient to result in major
diﬀerences in their ability to interfere with ﬂuorometric dyes.
Thus, until we develop a more comprehensive understanding of
the parameters that inﬂuence such interactions, test system
validation assessments are necessary on a NM-by-NM basis.
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ABSTRACT A procedure for vertically aligned carbon nanotube (VA-CNT) production has been developed through liquid-phase
deposition of alumoxanes (aluminum oxide hydroxides, boehmite) as a catalyst support. Through a simple spin-coating of alumoxane
nanoparticles, uniform centimer-square thin film surfaces were coated and used as supports for subsequent deposition of metal catalyst.
Uniform VA-CNTs are observed to grow from this film following deposition of both conventional evaporated Fe catalyst, as well as
premade Fe nanoparticles drop-dried from the liquid phase. The quality and uniformity of the VA-CNTs are comparable to growth
from conventional evaporated layers of Al2O3. The combined use of alumoxane and Fe nanoparticles to coat surfaces represents an
inexpensive and scalable approach to large-scale VA-CNT production that makes chemical vapor deposition significantly more
competitive when compared to other CNT production techniques.
KEYWORDS: vertically aligned carbon nanotubes • alumoxane • catalyst support • chemical vapor deposition

INTRODUCTION

S

ince their discovery, carbon nanotubes (CNTs) have
captivated the field of nanotechnology. Their unique
structure, size, and physical properties (1, 2) makes
them premier candidates for a broad range of applications,
ranging from electronics to energy storage devices (3-9).
Although not all the reported applications will require largescale CNT usage, there are applications where large volumes
of CNTs will be required, such as in fiber-composites, films,
coatings, and additives. As a result, the necessity exists for
large-scale and inexpensive approaches to produce carbon
nanotubes. One of the most important aspects limiting the
integration of CNTs into applications to displace conventional bulk materials is the cost of both production and
processing of CNTs. In the first case, there is a broad effort
to boost production of CNTs using scaled-up processes of
existing techniques, or the development of new cost-effective approaches. Various techniques for CNT growth which
have potential for mass production have been developed,
including the HiPco (10), fluidized bed (11-14), and chemical vapor deposition (CVD) (15-17) methods. Concurrently,
the ability to grow vertically aligned carbon nanotubes (VACNTs) offers a new approach to large-scale production, with
the as-grown structure composed of long, well-aligned CNTs
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(17). Although VA-CNT growth reduces or eliminates the
necessary postgrowth processing of the CNTs, it is normally
strongly dependent on the use of expensive substrate materials and deposition equipment that limits the potential for
scaling this approach. However, as described here, a wet
chemical approach provides an inexpensive and scalable
catalyst and catalyst support layer for this growth and it will
likely play a key role in defining the cost and the availability
of aligned CNTs in the future and could strongly impact the
market for applications based on VA-CNTs (18, 19).
In comparison to the traditional synthetic methods for
CNT growth, CVD growth offers significant benefits with
regard to large scale, low-cost CNT production. The simplicity of parameter control, its suitability for growth on large
(wafer-scale) and irregular substrates and the wide range of
catalysts possible are all benefits compared to competing
methodologies. Although the continuous, scaled-up production of VA-CNTs has not yet been demonstrated, factors
relevant to this concept have been the focus of many
research efforts. Recent work has shown that roll-to-roll
e-beam deposition can be used to form flakes composed of
the catalyst and catalyst support which can produce high
yields of VA-CNTs without the necessity of a substrate under
the catalyst support (20), whereas others, using traditional
sputtering and increasing the reactor dimensions, were able
to produce 8 in. wafers of VA-CNT (17). Other studies have
investigated perturbations to the conventional wafer-support
growth technique, focusing on catalyst deposition methods,
multicomponent catalyst materials (incorporating Fe, Co,
and Ni), and new substrates and catalyst supports to aid and
assist the growth process (21). Along these lines, alternative
procedures for catalyst deposition have been demonstrated,
including nanoparticle spin-coating (22, 23), dip-coating (24),
VOL. 2 • NO. 7 • 1851–1856 • 2010
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Scheme 1. Illustration of the Alumoxane
Nanoparticle Processing, Deposition As Thin Films
of Catalyst Support Deposition and VA-CNTs Grown
from Evaporated Fe Catalyst As Well As Premade Fe
Catalyst Nanoparticles

sol-gel (25), and layer by layer metal deposition (26).
However, for good-quality VA-CNT growth, these techniques
still require conventional Al2O3 coating via e-beam deposition or sputtering. Several studies have been performed to
overcome this difficulty by using different supporting substrates for CNT growth which include zeolites (27), metal
oxides (28), sapphire (29), quartz (30), and inexpensive
metal foils (31, 32). In addition, alumina particles have been
used in the past for CNT growth with limited success with
respect to quality and yield of CNTs (33, 34). Other synthesized Al hydroxide substrates were also used as catalyst
support for CNT growth (35-37); however, in none of these
cases were VA-CNTs obtained. Recently, work by Amama
et al. has suggested that even the form of deposition of the
same catalyst-support is significant to the catalyst and the
CNT growth (38). Therefore, the contribution of the catalystsuport alumina to VA-CNT growth is important and the
development of an inexpensive approach that can reduce
or eliminate its dependence on expensive catalyst-support
deposition equipment and catalyst deposition techniques
that are difficult to scale-up, has yet to be demonstrated.
In this work, we report a technique that overcomes the
above difficulties by employing a completely liquid phase
procedure for catalyst-support and catalyst deposition
(Scheme 1). This technique is simple, cost-effective, and
could be ideal for large-scale production of VA-CNT growth
with further development. Premade Fe nanoparticles are
used as catalysts on top of a thin film support made of
alumoxane nanoparticles. The deposition is then performed
through a simple spin-coating or dip-coating process, which
makes the procedure competitive as a large-scale production
technique.

EXPERIMENTAL SECTION

Alumoxane solutions were prepared using boehmite particles
(Catapal) from Sasol North America Inc., according to the
procedure described by Callender et al. (39) Catapal (20 g) and
[(methoxyethoxy)ethoxy]acetic acid (102 mL, 668 mmol) were
heated to reflux in water (400 mL) for 72 h. The reaction
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mixture was centrifuged at 4400 rpm for 1 h. From this point
forward, the decanted supernatant [(methoxyethoxy)ethoxy]acetic acid mixture will be referred to as MEEA-alumoxanes
(MEEA-A). The MEEA-A decant contains a large distribution of
particle sizes. To separate the large particles, this solution was
centrifuged at 29 000 rpm in a swing bucket ultracentrifuge
(Discovery 100SE, Sorvall) for 12 h. The particle size was
monitored by extracting aliquots of the MEEA-A and taking AFM
images using tapping mode AFM (Digital Instruments, Nanoscope III Veeco Metrology Group, Santa Barbara, CA). Different
concentrations of MEEA-A solution were tested by spin coating
on clean SiO2. The best concentration found was 0.015 mg/L
for MEEA-A. Spin-coating this MEEA-A concentration at 4000
rpm produced good coverage films active in supporting VA-CNT
growth. The alumoxane concentration in solution was determined by TGA. A volume of 0.1 mL of MEEA-A was dried in the
oven at 100 °C, and the sample was then heated to 800 °C
under Ar. The total remaining mass was 1.5 mg; therefore, the
alumoxane concentration was 0.015 g/mL. Following the MEEA-A
spin-coating, the substrates were immediately placed in the
oven at 150 °C under a N2 flow for 60 min. Film thickness
measurements were determined with ellipsometry from 10
different spots in each sample, and measurement were done
at 632 nm incident laser fixed at a 70° angle with 1.7 refraction
index (Nf1) and Ns 385. Two catalyst cases were evaluated: In
the first case, 0.5 and 1 nm films of Fe were deposited at 1 ×
10-6 Torr in an electron beam evaporator, whereas in the
second case, the experiments were performed using 4.3 nm
premade catalyst nanoparticles described below.
Unless noted otherwise, all chemicals were purchased from
Sigma Aldrich and used as received. Premade catalyst nanoparticles were synthesized using a modified Sun method (40, 41)
whereby Fe(III) acetylacetonate is reduced by excess 1,2hexadecanediol in the presence of oleic acid and oleyl amine
that form ligands on the particle surfaces. The reactants were
added together at room temperature using benzyl ether as a
solvent and brought to reflux under inert conditions for a period
of 45 min. The particles were then precipitated using excess
ethanol and repetitive centrifugation at 4000 rpm for 5 min.
The precipitated particles were made soluble in hexanes and
characterized as described below. The total concentration of Fe
nanoparticles was determined with inductively coupled plasmon-atomic emission spectroscopy (ICP-AES) using a PerkinElmer optima 4300 DV, where the Fe concentration was found
to be 40,000 ppm once the particles were synthesized and
made soluble in approximately 15 mL of hexanes. The solution
was then diluted in an iterative process to obtain maximal
growth results by the further addition of hexanes. Once the
optimal concentration was found for CNT growth, ICP-AES was
carried out to determine the particle concentration. Initially, 100
µL of the optimal solution was digested in 500 µL of a 25%
solution of hydrochloric acid with heating to digest the organic
ligands; this was carried out twice. These metal particles were
then digested in concentrated nitric acid overnight and diluted
in nanopure water to carry out the ICP-AES. The sizes of the
particles were found to be 4 nm as determined by small-angle
X-ray scattering (SAXS) using a Rigaku SmartLab which correlated well with the 4.3 nm determined for the average particle
size by AFM. The most successful nanoparticle concentration
for growth of VA-CNTs was drop dried using 40-50 µL of a
0.128 mg/L solution of Fe. Assuming a 4 nm particle to contain
1300 Fe atoms, the particle concentration was calculated to be
around 5.4 × 1023 nanoparticles per liter.
CNT growth occurs in a water-assisted hot filament CVD
reactor whose characteristics are detailed elsewhere (42, 43).
In short, the evaporated films are reduced using atomic hydrogen for 30 s (produced from a hot filament) prior to growth,
and in all cases, CNTs were grown for 15 min at 750 °C. In the
case of the premade Fe nanoparticles, reduction was achieved
Alvarez et al.
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with 60 s of 10 mTorr N2H4 vapor exposure at 600 °C prior to
growth (44). Growth takes place at 1.4 Torr in a 1 in. diameter
tube furnace at 750 °C using a reaction gas mixture composed
of H2O (2 standard cubic centimeters per second, (sccm)), C2H2
(2 sccm), and H2 (410 sccm).

RESULTS AND DISCUSSION

A crucial component of CNT growth by CVD is the
catalyst-support, typically involving evaporated or sputtered
Al2O3 thin films that support active metal catalyst such as
Fe, Co, Ni, or combinations of these. Metal evaporation of
films has several limitations, one being that it is a line-ofsight deposition technique and requires minimum pressures
of 1 × 10-5 Torr, making it time-consuming and difficult to
scale. In addition, active particles in the CNT growth process
typically form in the evaporation stage (44), meaning that
any change in evaporation conditions can strongly perturb
the resulting CNT growth. These limitations have a significant impact on VA-CNTs grown through a CVD process.
Therefore, a reliable liquid phase method for catalyst and
catalyst-support deposition represents a significant advance
toward CNT mass production. Scheme 1 shows a pictorial
presentation of the catalyst support, catalyst deposition
procedure and the subsequent VA-CNT growth as we report
in this work. The CNT growth was performed with evaporated catalyst film and premade catalyst nanoparticles.
Alumoxanes are nanoscale particles that are exfoliated
from boehmite. These nanoparticles are dispersed in water
through aluminum complexation by carboxylic acid ligands
(39). Several varieties of carboxylic acids have been used to
disperse alumoxanes in solution. We have previously shown
that water dispersions of carboxylic-acid-functionalized alumina nanoparticles (carboxylate-alumoxanes) readily form
continuous conformal 0.2-70 µm thick films on a wide
range of substrates. The nanoparticles are converted to
alumina upon mild thermolysis (45-47). Based upon our
prior research, we have chosen to investigate MEEA-A for
their film forming potential. We have selected MEEA ligands
for our alumoxane studies based on the alumoxane stability
in organic solvents, better dispersibility in solution, robustness to changes in pH and mainly stability of the dispersion
toward aggregation at pH ∼6 (48). There are several physical
parameters of the MEEA-A we have explored in the past: we
have documented the surface area, porosity, shrinkage as a
function of alumoxanes fractional composition in films
(49, 50), as well as other physical properties such as hardness, refractive index, and dielectric constants (39). We were
able to develop and produce micrometer-thick substrates
that would be suitable for micro electromechanical systems.
Therefore, large surface coating of substrates with this
technique is not new. However, in prior studies, the surface
continuity and nanoscale surface smoothness were not
required; therefore, ultracentifuging of alumoxane solutions
was not necessary.
MEEA-A as-prepared, before ultracentrifugation, has a
broad distribution of particle sizes with many as large as 12.7
nm as determined by AFM characterization, even after 1
(Figure 1a) and 3 h of ultracentrifugation. To facilitate
alumoxane thin film deposition relevant to VA-CNT growth,
www.acsami.org

FIGURE 1. AFM images of the alumoxanes nanoparticles after (a) 1
and (b) 12 h of ultracentrifugation at 29 000 rpm. After 1 h of
ultracentrifugation, particles with heights as high as 12.7 nm were
recorded, and after 12 h of ultracentrifugation, only particles below
4.1 nm shown in AFM figure were observed.

FIGURE 2. (a) TEM images of MEEA-A nanoparticles after 12 h of
ultracentrifugation revealing rodlike structures; notice the very small
structures of rods in the TEM inset, scale bar 20 nm. (b) XPS of the
thin film prepared with MEEA-A through spin coating. The Al signal
of the MEEA-A thin film was multiplied by 3.15 to achieve the same
signal intensity as the evaporated 10 nm Al2O3.

we removed large particles from solution by 12 h ultracentrifugation. As evidenced by AFM images in Figure 1b, most
of the large particles precipitate after 12 h at 29 K RPM. The
supernatant solution is found to only contain particles
smaller than ∼4.1 nm in suspension, suggesting a narrower
size distribution. These small nanoparticle distributions
reveal rod-like structures as seen by transmission electron
microscopy (TEM), Figure 2a. The use of these smaller
alumoxane particles in catalyst support preparation for VACNT growth allows the film roughness to be similar to
conventional evaporated or sputtered Al2O3 (rms ) ∼0.7
nm). The thickness of the film was determined using ellipsometry from two different films prepared with similar
procedures with measurements from 10 random spots on
each film. These measurements yield a thickness of 10.3 (
2.1 nm, and 8.8 ( 1.0 nm. The MEEA-A film characterized
by X-ray photoelectron spectroscopy (XPS) supports the
formation of an alumina coating; however, the signal intensity is ca. 3 times smaller than that of evaporated Al2O3 of
similar film thickness as seen in Figure 2b. Considering that
the MEEA-A is a film made completely from nanoparticles,
it is expected to have higher porosity and lower density
compared to evaporated Al2O3.
Spin-coating 200 µL of the 0.015 g/mL MEEA-A solution
gave a uniform coating on a ∼4 cm2 square SiO2 surface.
The uniform coating is evidenced by the VA-CNTs that grew
on the surface and shown in Figure 3a. Conversely, the same
VOL. 2 • NO. 7 • 1851–1856 • 2010

1853

ARTICLE
FIGURE 3. SEM images of VA-CNTs grown from Fe evaporated
catalyst on MEEA-A thin films as catalyst support (0.015 g/mL). (a)
View of top surface of CNTs. (b) VA-CNT view through an open area.
(c) Side view of the VA-CNTs to measure the height of the forest. (d)
closer view of CNTs.

volume of 0.005 and 0.025 g/mL solutions leave a nonuniform islanded surface morphology (see the Supporting
Information). Any unevenness of the alumoxane-derived
film results in an equivalent nonuniformity of the VA-CNT
growth such that for 0.005 and 0.025 g/mL solutions, the
CNT heights were uneven with some areas significantly taller
than others. This suggests that film uniformity is important
in ensuring uniform carpet growth. Furthermore, in the case
of the more concentrated MEEA-A solutions (0.025 g/mL),
areas of the film can be as thick as 500 nm and were found
to peel off during the CNT growth process. It is surprising
that a small change in the concentration significantly affects
the homogeneity of films, considering that film preparation
from a colloidal nanoparticle solution has a complex contribution from many parameters such as capillary effects, electrostatic charges, density and viscosity of the solvents. The density
of MEEA (1.16 g/mL) is relatively higher and the solution
appears to be more viscous than water. Film formation seems
to be determined by capillary forces interacting between the
solvent and the substrate. Possibly local higher particle concentration that develops during drying can change the mobility
of the remaining particles in the solution therefore changing
capillary forces to favor particle aggregation.
The hygroscopic nature of MEEA-A requires that after
spin-coating the samples should be dried in a water-free
environment. The samples were immediately placed in a N2purged oven at 150 °C, and the solvent was allowed to
evaporate for 60 min. This was found to be an important
post-film-making step to guarantee surface planarity of the
film. In cases where drying was not performed, we have
observed that within a few minutes, a uniform film loses its
surface uniformity and creates agglomerates or aggregates
that distort the planarity of the substrate.
Iron catalyst was deposited on the alumoxane-derived
substrates by two methods. For the evaporated catalyst, 0.5
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and 1 nm of iron deposition was performed at 1× 10-6 Torr
in an electron beam evaporator. As is shown in Figure 3b-d,
the quality of the CNTs growth by SEM is similar to that of
CNTs grown on evaporated Al2O3 substrates. The height of
the VA-CNT is 17 µm (Figure 3c) for a 15 min growth
duration, which is slightly lower than, but comparable to,
the ∼20 µm achieved by using the same conditions on
single-crystal Al2O3. However, this is shorter than CNTs
grown on evaporated Al2O3 (∼40 µm).
As a matter of comparison and to assess the importance
of the alumoxane film for CNT growth, we have performed
a control experiment whereby a SiO2 substrate with no
alumoxane film and another with a MEEA-A film, were
coated at the same time with electron beam evaporated Fe
catalyst. Both substrates were placed in the CVD reactor for
a 15 min CNT growth period. As expected, both substrates
grew CNTs; however, the SiO2 substrate grew only a small
amount of CNTs on the surface, whereas the MEEA-A
substrate produced a homogeneous carpet of VA-CNTs
across the entire surface. TEM images of VA-CNTs grown on
alumoxane substrates from evaporated catalyst indicate a
variety of diameters and small number of walls (Figure 4a).
Typically, the CNTs are 3-7 nm in diameter and often are
composed of double- and triple-walled CNTs; Raman spectroscopy reveals the presence of some smaller diameter
single-walled CNTs (Figure 4b) present among the larger
ones. Laser excitations at 514, 633, and 785 nm wavelengths detect radial breathing modes (RBM) between
300-100 cm-1 typical of CNTs with diameters 2.5 to 0.7
nm. The same is observed in VA-CNTs grown on evaporated
Al2O3. The D/G ratio, which is an indication of quality based
on defects in the CNT, are 18, 21 and 29% for 514, 633,
and 785 nm excitations, respectively.
Besides the deposition of catalyst-support by a liquid
phase method, as we have discussed thus far, metal catalyst
deposition through a liquid process allows for a completely
scalable technique for catalyst and catalyst support deposition. Ideally, a dense, yet submonolayer coating of uniformly
spaced premade Fe particles on a catalyst support will grow
a homogeneous layer of aligned CNTs. For iron catalyst
deposition from premade nanoparticles, we have used two
approaches to construct layers of particles for CNT growth
using both spin coating and drop drying. Spin coating is an
effective way to deposit thin layers of particles even though
this technique is sensitive to particle concentration in solution, spinning speed and other properties related to the
solvent. To mitigate the formation of patches of particles
during drying, we found that drop evaporation of 40-50 µL
of particle solution was effective in making uniform semimonolayers of particles. When this was combined with
catalyst nanoparticle reduction by N2H4, high-quality VACNTs (Figure 5a) were grown.
In the CVD growth of VA-CNTs, a critical factor in achieving controllable growth and scalability is the reduction of the
catalyst layer. This has been addressed by some of us where
N2H4 vapor was used to reduce evaporated metal catalysts
with brief exposures at lower than growth temperatures (44).
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FIGURE 4. (a) TEM images of CNTs grown from electron beam evaporated catalyst on MEEA-A thin films as catalyst support (inset scale bar
20 nm). (b) Raman spectra of VA-CNTs grown from evaporated Fe catalyst on MEEA-A thin film catalyst support.

FIGURE 5. (a) SEM image and (b) Raman spectra of VA-CNTs grown from premade 4.3 nm Fe nanoparticles on MEEA-A thin film catalyst
support.

N2H4 reduction has several advantages compared with hot
filament reduction that operates based on the generation of
atomic hydrogen or the use of reduction with molecular
hydrogen. The use of N2H4 avoids complications of the
dimension and geometries of a filament required in order
to evenly reduce the particles on surfaces, especially for large
surface area supports, and allows catalyst reduction at lower
temperatures than hydrogen. N2H4 reduction of our premade Fe nanoparticles has proven to be efficient and robust
and the probability of hidden or nonreduced catalyst areas
is much smaller. The Raman spectra of the CNTs grown from
premade Fe nanoparticles (Figure 5b) combined with N2H4
reduction shows features that are similar to the CNTs grown
from evaporated Fe on MEEA-A. A liquid phase approach to
metal catalyst/catalyst support deposition combined with
N2H4 vapor reduction allows VA-CNT growth via CVD to be
suitable for scale-up. In addition, the use of N2H4-based low
temperature reduction of catalyst particles means that reduction can take place efficiently and leads to nucleation of
CNT in the growth reactor before particle coarsening begins
to occur. Recently, control of coarsening has been shown
to be a critical factor in determining the growth quality of
VA-CNTs (51). Thus a liquid phase process to deposit catalystsupport and catalyst on a surface leads to high-quality VACNT growth in a scalable manner.
www.acsami.org

CONCLUSION

A simple and scalable route for CNT production by CVD
has been developed. The approach is based on a complete
liquid phase deposition process of catalyst and catalyst
support. Through simple changes in concentration, we
deposited homogeneous thin films of alumoxane nanoparticles that have comparable continuity and smoothness to
evaporated Al2O3 and yield CNTs with similar characteristics.
Additionally, premade catalyst particles were deposited on
alumoxanes films and high-quality CNTs were grown. Premade catalyst particle reduction using N2H4 lifts the barriers
of reduction and sample preparation in a CVD process to
yield a facile technique that can be adapted as a large-scale
CNT production.
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ABSTRACT: Single walled carbon nanotubes (SWNTs) seeds are grown using
Fe!Co nanoparticles on spin-on-glass. The relative eﬃciency of nucleation and
ampliﬁcation (versus etching) was investigated as a function of the CH4/H2 feedstock
ratio and growth temperature. At 900 !C, maximum ampliﬁcation is obtained with
CH4/H2 ratio of 80:20 but 60:40 for nucleation. Ampliﬁcation is further enhanced at
800 !C, compared with etching dominating at 1000 !C. Ampliﬁcation of SWNTs is in
equilibrium with etching; higher carbon feedstock pressure and decreased temperature
increase the rate of ampliﬁcation; the converse increases etching.
KEYWORDS: Ampliﬁcation, colbalt, carbon nanotube, etch, iron, nucleation

S

ingle-walled carbon nanotubes (SWNTs) resemble a graphene sheet that is rolled into a tube based on a speciﬁc roll
vector, or chiral angle, that determines the tube diameter and
importantly the electronic properties. Nanotubes having armchair chirality are metallic in nature and can be useful in
electronic applications due to the potential for ballistic electron
transport along the tube axis.1 The potential of a wire with a
current carrying capacity of 109 A/cm2 as compared to the best
material, copper, of 106 A/cm2 but without the associated weight,
thermal expansion, or thermal-induced power loss has prompted
the concept of the armchair quantum wire (AQW) for the
eﬃcient energy distribution over large (potentially global)
distances.2 Unfortunately, while wires or ﬁbers of SWNTs have
been successfully produced,3,4 this concept has a signiﬁcant
hurdle. Namely, irrespective of the synthetic routes any sample
of SWNTs contains a broad range of chiralities of which a low
fraction (∼8%) is of the desired conductive structure. Thus, if
low cost, eﬃcient, energy transport is to be a reality it will be
necessary to prepare samples exclusively of armchair tubes. The
most obvious approaches to this problem involve either type
speciﬁc growth or separation of types.
Although several theoretical studies have suggested that there is
a potential preference for armchair growth5,6 and while there have
been reports of increased percentage metallic growth,7 there is
no repeatable protocol for growth of purely metallic SWNTs.
In contrast, separation by type can prepare armchair enriched
samples as high as 98% purity,8 and even enrich left- and righthanded nanotubes of identical chirality.9 However, these separation processes are limited to very small scales without a clear
path to scale-up. We have previously suggested an alternative but
r 2011 American Chemical Society

complementary approach to either speciﬁc growth or separation,
and this is ampliﬁcation.10
In a process related to PCR of DNA, ampliﬁcation of SWNTs
would involve the isolation of a small amount of metallic SWNTs
(through separation), to these would be attached a pro-catalyst
(metal oxide) nanoparticle, creating a SWNT-catalyst conjugate
that would allow the growth of an additional length of SWNT,
with the same chirality as the progenitor SWNT template.10
In pioneering the concept of SWNT ampliﬁcation, we have
demonstrated that with an iron catalyst the length of an
individual SWNT can be dramatically extended without alteration in the diameter;10 however, the yield of ampliﬁcation was
<3%. In contrast, Fe!Mo catalyst has a higher fraction of
SWNTs ampliﬁed but with only limited length extension
(∼3").11 In a recent study, we have shown that if catalyst grown
SWNTs are subjected to secondary growth two processes are
observed where the catalyst remain active: ampliﬁcation and
etching.12
Conceptually, SWNT ampliﬁcation is an equilibrium process
with etching (Scheme 1) in which the relative rates of the forward
and reverse reaction should be dependent on the identity of the
hydrocarbon, the choice of catalyst (including composition,13
size,14 and stability15), reaction temperature, reaction time,16 and
the ratio of reagents. In our previous work,12 we showed that for
Fe!Co catalyst with a CH4/H2 feedstock ratio of 50:50 and a
reaction temperature of 900 !C, etching is highly eﬃcient and
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Scheme 1. Schematic Representation of the Relationship
between SWNT Growth and Etch-Back

Figure 2. Plot of yield from the growth of single walled carbon
nanotubes as a function of gas partial pressure of hydrogen.

Figure 1. SEM images of SWNT growth showing (a) the results from
ﬁrst growth and (b) the results from second growth run under the
conditions CH4/H2 (60:40). Scale bar is 2.5 μm long.

ampliﬁcation is a minor component. The high degree of etching
does mean that the catalyst is still active and they are attached to
the SWNTs. Thus the system does allow for the ready optimization to determine whether reaction conditions can be varied to
increase the percentage of ampliﬁcation. The results of this study
are presented herein.
Upon the basis of prior results, we have chosen Fe!Co
catalyst with a 50:50 composition; because this ratio showed
the greatest fraction of SWNT etching, we have assumed that this
is an indication of a composition with the highest percentage of
catalyst attached to SWNTs with any catalytic activity. The
nanoparticles used for SWNT growth are formed in situ during
the heating phase immediately prior to nanotube growth. The
nanoparticle samples were prepared using 2.5 mM concentration
of iron and cobalt nitrates each in a spin-on-glass solution
(Honeywell Electronic Materials, 111). N-type silicon (1 cm2)
cleaned using RCA-1 control samples were prepared by placing
two drops of the metal-containing spin-on-glass (SOG) solution
onto the substrate and then spun dried. Samples were then
placed in a horizontal tube furnace in a quartz tube and brought
to 900 !C under Ar (500 sccm). After 30 min, H2 (225 sccm) and
CH4 (225 sccm) was introduced with the cessation of Ar ﬂow. All
growth runs were 15 min long. After characterization, the samples
were reintroduced to the growth chamber for a 15 min run at

Figure 3. SEM image showing (a,b) partial etching in second growth
(b), highlighted by the red lines, and ampliﬁcation (c,d) showing the
increased length of the SWNT (d). Scale bar is 1 μm long.

900 !C for a range of CH4/H2 values. In order to ensure that
pressure is not responsible for the change in growth noted after
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Figure 5. Normalized SWNT ampliﬁcation shown as a function of
temperature.

Figure 4. Carbon nanotube ampliﬁcation (a) and the ratio of ampliﬁcation to etching (b) as a function of hydrogen partial pressure.

subsequent growths, the second growth run had a total gas ﬂow
rate that was kept constant throughout. Eﬀect of partial pressures
were tested using a total ﬂow rate of 500 sccm with the intent that
the pressure not change when moving from the argon ﬂow to the
methane and hydrogen ﬂow, therefore the ﬂow rates for growth
were H2 (250 sccm) and CH4 (250 sccm).
The SEM images in Figure 1 show a typical example of the
results from the ﬁrst and second growth runs. As may be seen
from Figure 1b, the yield after second growth (new nucleation)
can be considered, and it is highly dependent on the CH4/H2
ratio. Increasing hydrocarbon feed concentration results in an
increased number of catalyst particles growing SWNTs, however
above 60% CH4 the SWNT yield decreases, see Figure 2. We
propose that this is due to either carbon poisoning of the catalyst
through the possible formation of a carbon crust, and/or
insuﬃcient hydrogen partial pressure to reduce the metal oxide
(formed by exposure of the metal catalyst to the atmosphere
during interim analysis), that is, the procatalyst oxide is not
converted to the catalyst metal particle.
In addition to new SWNTs after the second growth run, there
are SWNTs that were completely or partially etched (e.g.,
Figure 3a,b) and those that were ampliﬁed in length (e.g.,
Figure 3). We note that in each sample there were also SWNTs
that did not change in size. The reason for this latter eﬀect could
include inactivation of the catalyst during the ﬁrst growth run as a
result of Ostwald ripening14 or detachment of the catalyst from
the SWNT upon exposure to the atmosphere between growth runs.
As shown in Figure 4a, the percentage of SWNTs ampliﬁed is
highly dependent on the reagent gas composition with increased
CH4 partial pressure resulting in greater ampliﬁcation. This result

is in line with the equilibrium in Scheme 1. In addition, it suggests
that once a catalyst is activated, it is easier to reactivate at lower
hydrogen partial pressures. Also shown in Figure 4b is the ratio of
etched SWNTs/ampliﬁed SWNTs. Once the regrowth conditions for maximizing ampliﬁcation had been determined at 900 !C,
a second regrowth run was performed using CH4/H2 ratio of
80:20 at 800, 900, and 1000 !C, and the relative percentage of
ampliﬁcation and etching measured. As may be seen in Figure 5,
the etching is more eﬃcient at 1000 !C, while ampliﬁcation yield
increases at low temperature. In Figure 5, the percentages of
ampliﬁcation are based on total active catalyst, that is, those that
catalytically retain activity.
We note that the proceeding results do not take into
account variations in the SWNT chirality or catalyst size and
composition. The observation of both etching and ampliﬁcation concurrently under particular reaction conditions would
not be expected in a simple equilibrium system as expected for
a single catalyst. We propose that the observation of both is
indicative of a variation in the size and composition of the
individual catalyst nanoparticles and/or the relative reaction
rates for diﬀerent SWNT chiralities. Under any particular
condition, certain particles are more conducive to SWNT
growth while others promote etching. As the reagent composition is altered to a higher CH4/H2 ratio, those that ampliﬁed
the SWNTs continued to do so, and some fraction of those
that would etch SWNTs now grow instead. In a similar
manner, certain chiralities of SWNTs may grow under a set
of reaction conditions, while other chiralities will etch. It
should be noted that if ampliﬁcation were applied to just
metallic (armchair) SWNTs, this latter variation would not
be an issue. Thus, the relative propensity of a sample of
SWNT-catalyst conjugates to amplify the attached SWNT is
actually the result of a series of equilibria with slightly diﬀering
rate constants.
Although we realize that the data set at present is limited to the
Fe!Co catalysts, the important point is that ampliﬁcation and
nucleation can be delineated based upon reaction conditions. We
also note that growth time is an important parameter to consider
that has been previously shown to inﬂuence the nucleation and
growth stage of nanotube growth.16 Time is also an important
parameter to investigate to discover at what time ampliﬁcation
and etching will cease. From the results presented herein (within
15 min growth time), etching will continue until the nanotube is
gone as evidenced by nanotubes that have been completely
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etched after the growth run. On the other hand, the continued
growth of nanotubes and the reasons for nanotube growth to
stop are not well understood to date.
A further point of interest arises from the current data. If we
assume that the ampliﬁcation/etch process is a true equilibrium
as shown in Scheme 1, then the relative presence of ampliﬁed and
etched SWNTs as a function of temperature may be treated as
dependent equilibrium. Hence, from the van’t Hoﬀ plot a value
for the enthalpy of reaction (ΔH) of !197 kJ.mol!1 is obtained.
Upon the basis of the foregoing, we propose that SWNT
ampliﬁcation yield can indeed be enhanced signiﬁcantly by the
reagent gas composition, but that uniformity of catalyst is a
necessary prerequisite. Furthermore, it is important that all
catalysts remain attached to the SWNT during growth and
possibly more important with regard to the overall yield that
all attached catalysts were active. We are presently investigating
methods to greater control catalyst uniformity and optimized
activity, however, the potential that over 90% of SWNT-catalyst
complexes could be induced to undergo ampliﬁcation oﬀers
promise of the growth of signiﬁcant quantities of speciﬁc
chiralities of SWNTs obtained by small scale separation.
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a b s t r a c t
The use of carbon nanotube-fullerene hybrid additives to the standard P3HT:PCBM blend bulkheterojunction organic photovoltaic device is presented. The effects of incorporating single-wall carbon
nanotubes, functionalized with linked C60 molecules by amination on device characteristics are detailed.
The concentration of the carbon nanotube-fullerene hybrid in the active layer blend was varied to ascertain their cumulative impact on device performance in terms of open circuit voltage, short circuit current,
fill factor and efficiency. We found that decreasing the length of the carbon nanotubes to ∼60 nm through
fluorination and subsequent thermal treatment was beneficial in terms of eliminating shorted devices
allowing much improved diode formation. A trend of improving device performance as a function of
concentration of the carbon nanotube-hybrids in a heterojunction of P3HT:PCBM was observed.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
In the drive to build new organic based electronics and in
particular photovoltaics (OPVs) based on a variety of materials, fullerenes have played a significant part in the progress
towards making them a more viable option [1]. From the initial work incorporating Buckminsterfullerene (C60 ) in a polymer
host, such as a polyphenylenevinylene (PPV) derivative or the
more advanced polythiophenes; poly-3-octyl-thiophene (P3OT)
or poly-3-hexylthiophene (P3HT), certainly the desire, in classic
semiconductor phraseology, to use an n-type material to form
a heterojunction with p-type polymers has been pursued [2–4].
However, after many years of research into C60 and the higher
molecular weight fullerenes, it is clear that dispersion, miscibility and charge transport is a challenge; even using a functionalized
version such as [6,6]-phenyl-C61 -butyric acid methyl ester (PCBM)
has limitations.

∗ Corresponding author at: Institute for NanoEnergy, Department of Physics, 617
Science and Research Building 1, University of Houston, Houston, TX 77204-5005,
USA. Tel.: +1 713 743 3565; fax: +1 713 743 3589.
E-mail address: NAlley@uh.edu (N.J. Alley).
0379-6779/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.synthmet.2011.11.017

In general in such hybrid systems, the conjugated polymer (e.g.
P3HT) is the dominant absorber of incident sunlight, having a bandgap ∼1.9–2.1 eV. The fullerene component (e.g. PCBM) also absorbs
but to a far lesser extent [5]. Upon absorption of a photon, a localized
excited state (exciton) is generated which can either diffuse to a
nearby P3HT:PCBM interface or relax. Exciton decay usually occurs
by means of a non-radiative or radiative process. The radiative
decay results in photoluminescence (PL) and loss in overall device
performance. The extent to which this loss occurs is determined by
the ratio of the constituent materials and the size and distribution
of each material phase in the blended active layer structure. PCBM
is known to be an excellent PL quencher when blended with P3HT
which suggests efficient exciton dissociation [6]. A more rigorous
discussion regarding the complex processes involved in the photogeneration and extraction of energy from OPVs may be found in a
recent review [7].
The challenge with organic semiconducting materials is that
they notoriously possess low mobility charge carriers when compared to their inorganic counterparts [8]. This imposes restrictions
on device architecture which include the thickness of the semiconductor layer, the blending process in the formation of the
heterojunction and the use of specific transparent electrode contacts. Poor exciton dissociation efficiency, related to small exciton
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diffusion lengths in conjugated polymers (5–20 nm) [9] leads to the
requirement for an ultra-thin active layer, adding to the complexity
of OPV device fabrication. In spite of the limitations of P3HT:PCBM
based devices, power conversion efficiencies (PCEs) of around 5%
have been achieved [10–12]. The success seen in PCE improvement
for devices blended with fullerenes is encouraging and investigating the role of fullerenes in these systems to see how else they can
be modified to improve PCE is of particular interest.
Carbon nanotubes (CNTs), the largest in the fullerene family,
possess an equally interesting but complex array of properties and
have been studied exhaustively in terms of spectroscopic properties and electronic characteristics [13–15]. While there is also a
whole host of mechanical studies available on CNTs, the compelling
drive to use them in a more practical manner has seen little success,
as carbon fibers have always been the cheaper and more effective
material of choice. However, the potential of the electronic properties of CNTs cannot be denied and, in fact, the conductance of
an individual pristine CNT can match and exceed those of metals.
Using CNTs as electrodes in OPVs to replace indium tin oxide (ITO) is
not feasible due to the requirement for high conductivity and optical transparency [16] for the electrical contacts. This issue is not
trivial and there are even more complex problems associated with
the use of carbon nanotubes, including the requirement that the
electrode has a low sheet resistance for the best devices (∼10 !/!)
and the need for a more controlled interface between the electrode
and next layer, as morphology is intricately linked with device efficiency. In dealing with the electronics and practical nature of the
devices, the issue with using CNTs as the counter electrode in a typical CNT/P3HT:PCBM/Al device, for example, is that the open circuit
voltage (Voc ) generated will always be low. The workfunction of
the CNTs is just too low for this application and consequently their
performance in this respect will always be poor.
Over a decade ago, the first organic light emitting diode (OLED)
employing a conjugated polymer and CNTs was fabricated in a
similar manner to that used for OPVs [17]. The logic behind this
approach was to use the larger ‘fullerene’ as a carrier in a polymer host. This gave rise to some interesting new phenomena, aside
from transport effects, such as polymer wrapping, oxygen scavenging, lower turn on voltage for OLED devices and longer device
lifetimes in air. However, simply using CNTs in their raw state was
only a starting point to how these molecules could be used and
we have seen even more exotic devices fabricated using molecular
functionalization [18], quantum dots [19], self-assembly [20] and
eventually their use in OPVs as an attempt to exploit the properties
of the largest of the fullerenes for energy harvesting.
However, this has been achieved with limited success, in part
because the use of pure CNTs causes shorting of devices due to
their physical length: the active layer for a P3HT:PCBM based OPV
is typically less than 200 nm while CNTs in general are considerably longer (∼10 !m). In looking to functionalize CNTs, it is also
clear that having a molecule which enhances light harvesting is
critical, as CNTs in themselves have such a low bandgap [21] and
poor absorption coefficient. However, it is not clear how beneficial the use of CNTs in OPVs will be and a critical examination of
their performance is needed. Numerous groups are attempting to
improve optoelectronic devices with the addition of CNTs in various forms; reviews of progress made in this area are referenced
here [22,23].
In this study, we investigate the effect of incorporating CNTs
in a polymer-fullerene blend host. We introduce the use of single
walled carbon nanotube (SWNT)-C60 hybrids, studying how such
functionalization can aid OPV device PCE and finally how shortened SWNT barrels linked with C60 , SWNT(B)-C60 , may be used
as an additive to P3HT:PCBM. The purpose of such a system is to
investigate the use of CNTs as a carrier host for the fullerenes when
generating charge carriers and to determine whether there is a form

of charge transfer process that successfully enhances the prospects
of using these larger molecules as charge delivery systems within
the semiconductor host.
2. Experimental
2.1. Materials synthesis and preparation
P3HT (98% regioregular), PCBM (>99%), polyethylenimine (PEI,
branched, Mn 10,000 Da), N,N-Dimethylformamide (DMF, anhydrous, 99.8%), fullerene-C60 (98%), and chlorobenzene (anhydrous,
99.8%) were obtained from Sigma–Aldrich and used as received.
SWNTs were cut using a previously published method [24]. Initially SWNTs (produced by the HiPCO process) were fluorinated
in a custom built fluorination reactor, using a flow gas of 10% F2
in N2 at 125 ◦ C. The flow rate was set to 15 sccm. Additionally a
flow of 2% H2 in N2 was introduced into the reactor at a rate of
10 sccm. After 3 h the reaction was complete, the F2 and H2 were
turned off and the reactor was then purged with Ar at 1000 sccm
for a period of 15 min. Vacuum was then pulled on the system for
15 min. Ar was then flowed back into the reactor and the reactor
is opened and the sample was removed. After fluorination, cutting
of the CNTs was achieved via pyrolysis. The CNTs were placed in a
ceramic crucible and heated to a temperature of 1000 ◦ C resulting
in etch-cut barrel SWNTs denoted as SWNT(B). The barrel SWNTs
were further purified by sonication with 36% HCl for 30 min to
remove any remaining catalyst or impurity. The average length
of the resulting barrel SWNTs is ∼60 nm, which was estimated
by AFM.
Syntheses of SWNT-C60 hybrids (from either long or barrel
SWNTs) were carried out following a published method [25,26]. In
a typical procedure, SWNTs (200 mg) and polyethylenimine (2 g)
were mixed in 20 mL of DMF. Sonication for 20 min and stirring at
100 ◦ C for 5 days formed the product, SWNT-PEI 10,000. The resulting suspension was filtered through a 0.20 !m nylon membrane
and the precipitate was washed with 1 M HCl, 1 M NaOH, water
and methanol to remove any excess PEI. After drying, 293 mg of the
product was obtained. Subsequently SWNT-PEI 10,000 (100 mg),
fullerene-C60 (50 mg) and triethylamine (0.5 mL) were mixed in
10 mL of chlorobenzene. Sonication for 1 min and stirring at 100 ◦ C
for 6 days formed the product, SWNT-C60 hybrids. The resulting
suspension was filtered through a 0.20 !m nylon membrane and
the precipitate was washed with chlorobenzene and chloroform to
remove any excess C60 and triethylamine. After drying, 118 mg of
the product was obtained.
2.2. Materials characterization
Characterization of the P3HT:PCBM/SWNT(B)-C60 composites
was carried out by Raman spectroscopy, UV–visible spectroscopy
and PL measurements.
UV–Vis spectra were obtained with an Ocean Optics HR2000+
high resolution spectrometer using a Mikropack PH-2000-BAL
deuterium-halogen light source. PL measurements were obtained
using an Ocean Optics QE65000 spectrometer. The excitation
source was a Stellar-PRO-Select 150 Argon ion laser with tunable
output intensity. The 514 nm laser line was selected to obtain the
maximum PL intensity for the samples. The samples for UV–visible
and PL measurements were prepared by spin coating the various
composites at 1500 rpm onto clean glass slides.
Raman spectra were collected using a Horiba J-Yvon LabRam
HR800 confocal Raman imaging microscope system. The source
was a 660 nm semiconductor diode laser with maximum power
of 50 mW at the sample. The Raman band of silicon (520.7 cm−1 )
was used to calibrate the spectrometer, yielding a dispersion better
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than 1 cm−1 using an 1800 lines/mm grating. Raman samples were
prepared by spin-coating the composite onto a clean silicon wafer.
A Nanoscope Digital Instruments IIIA atomic force microscope
(AFM) was used in the tapping mode to confirm that the SWNTs
were cut and to estimate their length. The samples were prepared
from the SWNT(B) dispersed in DMF and spin coated onto mica
substrates.
2.3. OPV fabrication
All devices were fabricated on ITO coated substrates (ITOcoated glass slides with 8–12 !/! surface resistivity, Aldrich).
We used similar fabrication techniques for our devices as
in our previous study on OPV devices [27]. The pristine
ITO substrates were dusted with Zinc powder and etched
under an 18% HCl(aq) solution for 10 s to form the anode
layout. The substrates were cleaned in a heated ultrasonic
bath with 1.5% Micro 90 (15 min), deionized water (15 min × 2
cycles) and isopropanol (15 min). Ozone plasma treatment was
carried out for 10 min immediately followed by the deposition of a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (Clevios PH1000, H.C. Starck) layer spin-coated at
3000 rpm for 2 min to form a thin (50–80 nm), hole transport layer.
The substrates were dried in an 80 ◦ C oven for 1 h before deposition
of the different types of active layer. The active layers deposited
in this study were spin-coated on top of the PEDOT:PSS layer at
1500 rpm for 2 min.
After the final spin-coating process, the substrates were solventannealed in an environment filled with chlorobenzene vapor at
room temperature for 30 min and dried in an 80 ◦ C oven for 1 h.
Patterned Al electrodes were thermally evaporated (at a pressure
of 8 × 10−6 mbar) on top of the photoactive layer by a custom made
shadow mask. All devices were encapsulated with glass slides using
epoxy resin in an inert nitrogen atmosphere (∼10% relative humidity) before characterization.
2.4. OPV characterization
Testing of the fabricated OPVs was carried out as follows. An
Abet LS 150 xenon arc lamp source coupled with an AM 1.5G filter
(calibrated with Oriel 91150V Solar Reference Si Cell certified by
NREL) was used as the illumination source. All measurements were
performed in a nitrogen filled glovebox (∼10% relative humidity).
The light source was adjusted to illuminate the devices with 1 sun
(100 mW/cm2 ). Current–voltage characteristics were determined
using a Keithley 2400 SourceMeter. The dimension of each pixel
was determined by a Leitz Ergolux microscope with a micrometer
scale in 0.05 mm divisions. Spectral mismatch was not accounted
for in calculating the efficiency of the devices in this study.
3. Results and discussion
There are four notable peaks in the UV–visible absorption
spectra of the P3HT, P3HT-PCBM and P3HT-PCBM:SWNT(B)-C60
composites shown in Fig. 1. The features observed in the UV portion of the spectrum are dominated by the fullerene, the peak
at 330 nm (3.75 eV) is attributed to the weakly dipole-allowed
HOMO 1 Ag (S0 ) → LUMO 1 T1u (S1 ) transition [28], while the features in the visible region are in the main polymeric attributed
where the segments of the polymer chain take on the role of the
chromophore. The UV–Vis spectrum of P3HT in a dilute (0.02 g/L)
solution using chlorobenzene as a solvent has an absorption
maximum at ∼460 nm (2.7 eV) attributed to the intra-molecular
!–!* delocalized (HOMO–LUMO) transitions, low level molecular

Fig. 1. UV–visible absorption spectra of spin coated thin films on glass consisting of
P3HT, P3HT:PCBM and P3HT:PCBM:SWNT(B)-C60 composites. SWNT(B)-C60 loadings range from 1 to 20 wt.% with respect to P3HT. Inset (A) is a magnified view
depicting peaks #1 and #2. Inset (B) is a magnified view of peak #3.

ordering due to aggregates is visible in the subsequent shoulders
(#1, #2 & #3).
Solvent evaporation during the formation of a thin spin cast
film enables the P3HT to self-organize and form polycrystalline
domains consisting of long 1-D polymer chains orientated in lamellar (2-D sheet) structures, this is often called interchain or !–!
stacking [29]. It is this assembly with longer conjugation that
induces a bathochromic shift in the P3HT absorption spectrum
(intrinsic !–!* transitions) toward 520 nm (2.38 eV). The bands
at 550 and 600 nm (2.25 and 2.07 eV) are often attributed to the
0–1 and 0–0 transitions respectively, however their assignment is
under debate [30–34]. No apparent chromic shift is observed for
the solid film compared to the aggregate peaks observed in solution, the increased absorption intensity of the shoulders #2 and #3
is indicative that the majority of the polymer self organizes forming aggregates in the solid state. Only the intensity of the spectral
feature at 600 nm (#3) is dependent on the regioregularity of the
polymer (increasing with less variation of conjugation lengths) and
thus it is changes in the local ordering of the packing structure
and aggregation that can be observed here in agreement with the
studies made by Brown et al. [32].
The introduction of PCBM forming a composite blend with P3HT
lowers the degree of local order. It is especially evident that the
20 wt.% loading of SWNT(B)-C60 has a significant effect on the local
order of the P3HT chains compared to that of the 1, 5 and 10 wt.%
loadings which are almost identical to that of the regioregular
P3HT, as shown in the inset B of Fig. 1 [35]. However, an increase
in absorption in a large section of the !–!* region of the spectrum (400–560 nm) is observed for the lower SWNT(B)-C60 (1 and
5 wt.%) loadings; a possible explanation for this phenomenon is
that at higher SWNT loadings polymeric absorption is hindered
due to increased levels of aggregation. The most notable changes
occur in the slight chromic shifts in peak #1. For P3HT #1 is at
520 nm, with the addition of PCBM a hypsochromic shift to 515 nm
is observed. There is an interruption in the ordered polymer backbone and a reduction of the P3HT conjugation lengths due to the
additional forces exerted on the P3HT chains with the introduction of PCBM molecules into the thin film blend structure. It is
interesting that upon the addition of the SWNT(B)-C60 , peak #1
is shifted to a lesser degree to 518 nm for 10 and 20 wt.% loadings while the presence of the 1 and 5 wt.% loadings increase the
hypsochromic shift to 513 nm. This is attributed to the increased
aggregation of the SWNT(B)-C60 at the higher concentrations
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altering the effect of PCBM in the system in tandem with the
reduced PCBM concentration in the composite.
The relative intensities of the peaks were calculated in order to
investigate the effects of changing the composition of the blends
by incorporating different SWNT(B)-C60 loadings. The intensity of
peak #1 is less than #2 in the case of P3HT where the ratio of intensity #1:#2 is 0.98. However, this ratio reverts to being above unity
for all the other composites having a value ranging from ∼1.03 to
1.10. There is a similar trend observed for all the peak intensity
ratios (#1:#2, #1:#3 and #2:#3) which centers around that for the
P3HT:PCBM composite. For higher loadings (10 and 20 wt.%), the
peak intensity ratios are at a reduced value while for the lower
loadings (1 and 5 wt.%) they are slightly increased. The intensity
ratio for #1:#3 for P3HT is 1.40, the other composites range from
1.52 to 1.70. The intensity ratio for #2:#3 for P3HT is 1.43, the other
composites range from 1.50 to 1.55.
There are two major emission bands visible in the photoluminescence (PL) spectra of the P3HT, P3HT:PCBM and
P3HT:PCBM:SWNT(B)-C60 . Looking at the spectral features for each
of the composites it is clear that the P3HT PL is dominant at the
excitation wavelength of 514 nm (2.41 eV) as is expected from
the absorption spectra in Fig. 1. The maximum emission intensity at 712 nm (1.74 eV) and a second resolved peak occurring
at ∼655 nm (1.89 eV) correspond to the 0–1 and 0–0 emissions,
respectively (Fig. 2). The spacing between the two discernable
emission peaks (0–0 and 0–1) was calculated by means of fitting a Gaussian line-shape to the PL spectra and was determined
to be ∼0.15–0.18 eV suggesting that interchain exciton emission
coupled to the C! C" symmetric stretching of the thiophene ring
(∼1442 cm−1 ) is observed. The intensity of the 0–1 emission is
greater than that of the 0–0 emission, this supports that a single
species of weakly coupled H-aggregates is the emissive element in
regioregular P3HT [34]. This behavior is typical for conjugated polymers and coincides well with our Raman data in Fig. 3, discussed
later; these phenomena are also widely discussed in other works
[32,36,37]. The separation of the two emission peaks is reflected in
the UV–vis absorption spectra where the two spectral features (#2
and #3) labeled in Fig. 1 are also separated by ∼ 0.18 eV.
The PL spectra demonstrate the effect of quenching by the
PCBM in the polymer films. The higher loadings (10 and 20 wt.%)
of SWNT(B)-C60 coincide with lower amounts of PCBM present in
the films. The lower loading samples (1 and 5 wt.%) of SWNT(B)C60 contain the same ratio of PCBM, this demonstrated that

Fig. 2. PL spectra of spin coated thin films on glass consisting of P3HT, P3HT:PCBM,
P3HT:PCBM:SWNT(B) and P3HT:PCBM:SWNT(B)-C60 SWNT(B)-C60 loadings range
from 1 to 20 wt.% with respect to P3HT.

Fig. 3. Raman spectra of P3HT:PCBM, SWNT(B)-C60 and P3HT:PCBM:SWNT(B)-C60
composites. Inset is a magnified view depicting the peak-shifts for the SWNT(B)-C60
and P3HT:PCBM:SWNT(B)-C60 composites. Intensities of all spectra are offset for
clarity.

quenching was more prevalent as the loading decreased implying that the addition of the SWNT(B)-C60 is detrimental to PL
quenching.
In our previous study [25], synthesis of CNT-C60 hybrid was performed by covalently linking CNTs and C60 by an amination reaction
with polyethylenimine. We found that the optical limiting performance of CNT-C60 hybrids is superior to those of C60 and SWNTs at
the same level (∼80%) of transmission. This unusual finding suggested that charge transfer between the CNTs and C60 moieties
plays an important role in optical limiting. It is known that CNTs
can form charge transfer species by electrochemical doping with
redox dopants. The intrinsic phonon line shapes of CNTs are very
sensitive to doping [38–40]. For example, the G+ feature is associated with C–C vibrations along the CNT axis and is vibronically
sensitive to charge transfer from dopants, such as functionalization
of SWNTs with C60 (upshifts in G+ for acceptors) [41]. The formation of charge transfer species between P3HT:PCBM and SWNT-C60
hybrids is of particular interest. Raman spectroscopy has proven to
be an excellent tool to probe complex interactions in the numerous forms of carbon nanostructures such as fullerenes, CNTs and
graphene [13–15,20,41–44].
Raman signals were acquired for the P3HT:PCBM, SWNT(B)C60 and P3HT:PCBM:SWNT(B)-C60 composites, respectively (Fig. 3).
Notable features observed in the Raman spectrum of the
P3HT:PCBM composite include peaks due to stretching in the aromatic thiophene ring: C! C" (symmetric) at 1442 cm−1 , C! C"
(anti-symmetric) at 1512 cm−1 , C" –C" at 1378 cm−1 and C! –S–C!
ring deformation observed at 726 cm−1 (observed but not shown
in Fig. 3).
In the composite it is clear that the 1442 cm−1 phonon feature
observed in the Raman spectrum is attenuated due to the presence
of the SWNT(B)-C60 indicating increased disorder in the blended
system. Broadening is observed in the D-band defect peak of the
SWNTs at ∼1350 cm−1 in the P3HT:PCBM:SWNT(B)-C60 sample.
This is attributed to the overlap of two vibrational modes originating from the P3HT:PCBM and SWNT(B)-C60 materials. When
comparing the G-bands of SWNTs from the P3HT:PCBM:SWNT(B)C60 with that of SWNT(B)-C60 , the most intense peak at the higher
frequency (G+ ) shows an upshift of 8.6 cm−1 (from 1581.0 to
1589.6 cm−1 ) and the peak of G− shows an upshift of 7.8 cm−1 (from
1545.6 to 1553.4 cm−1 ). While there are no shifts of signals from
P3HT in the P3HT:PCBM:SWNT(B)-C60 composite, the upshifts of
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G-band spectra suggest charge transfer of the SWNTs to either the
C60 moieties or the PCBM (or both). Similar upshifts in G band spectra have been observed in the interaction of electron-donating and
electron-withdrawing groups with SWNTs [45].
In order to successfully incorporate SWNTs into the active layer
composite, their solubility/miscibility with the solvent used for the
host photoactive layer is of interest. For the case of P3HT:PCBM
composite OPV devices; chlorobenzene is a popular solvent. Pristine SWNTs do not disperse readily in chlorobenzene. The addition
of a functional group to the SWNTs allows them to disperse more
readily improving their compatibility with the OPV layer. Coating
the SWNTs with a linker (amination) allows the subsequent attachment of C60 molecules resulting in much improved solubility in
chlorobenzene.
The typical length of CNTs and indeed SWNTs is problematic
in thin film device structures as it is an order of magnitude larger
than the photoactive layer thickness. Idealized and unrealistic illustrations depicting the most preferred placement of CNTs within
the device structure can be misleading, in particular the extremely
high aspect ratio of CNTs is ignored [46,47]. It is very unlikely that
numerous CNTs which are more than 1 !m long could sit within
a layer ∼100 nm thick without protruding through either side and
inevitably form a short-circuit, as depicted in Fig. 5a, resulting in an
Ohmic device characteristic (blue J–V trace shown in Fig. 6). Consequently, making organic electronics by simply dispersing long CNTs
to change the transport properties results in failure more often than
not.
The most direct way to rectify such problems is to either use
extremely low concentrations of SWNTs (of the order of 0.1–1wt.%)
in the blend or to carry out a process that shortens them considerably. Fluorination was used in order to attain SWNTs with an
average length of ∼60 nm — the SWNT(B) are imaged by an AFM
(Fig. 4). Others have used complex alignment techniques such as
applying an alternating current with a high frequency requiring a
thick device active layer [48]. Even using extremely small concentrations of CNTs will either destroy the device by means of shorting
or with some luck have little or no effect in real terms for improving the device [49]. Incorporating a higher loading of shortened
CNTs may have a positive effect but this is open to some debate, in
particular with significantly higher loadings. It is well known that
CNTs and in particular SWNTs will inevitably aggregate (Fig. 5b).
Shortened SWNTs functionalized with linked C60 molecules clearly

Fig. 4. AFM image of SWNT(B) spin coated onto a mica substrate.
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Fig. 5. Illustration depicting various configurations for SWNTs in the OPV device
active layer. The SWNTs are drawn approximately to scale with respect to
the active layer in order to display the importance of shortening their length.
(a) P3HT:PCBM:SWNT; (b) P3HT:PCBM:SWNT(B)-C60 at high concentration; (c)
P3HT:PCBM:SWNT(B)-C60 at low concentration.

are more successful forming a P3HT:PCBM:SWNT(B)-C60 hybrid
composite, having better miscibility, film homogeneity and aiding
charge collection at the electrodes, this is illustrated in Fig. 5c. When
shortened, SWNTs inevitably lose some special features attributed
to CNTs such as extreme conductivity and ballistic transport. However, we know that having metallic states, while changing the
overall conductivity of the composite through a percolation effect
does not aid in producing a better semiconducting, charge carrying
material. By creating smaller nanotubes and then functionalizing
them, we alter the nanotubes in two ways. First of all, there is
no chance of ballistic transport and therefore no risk of metallic
SWNTs short-circuiting the devices. Secondly, functionalizing CNTs
is a classic way of altering the C–C bond lengths. The shortened
and functionalized SWNT(B)-C60 do not possess the same electronic transport properties as pristine uncut SWNTs. Even if they
aggregate and form a network between the electrodes they cannot
serve to directly short the device. Ballistic transport is observed in
pristine CNTs which have a long undisturbed structure, this is not
the case for the SWNT(B)-C60 as each covalent bond made to the
sidewalls acts as a scattering site for charges travelling along them
[50]. The reduction in their length by means of fluorination also
introduces defects. In terms of OPVs the addition of the SWNT(B)C60 may introduce new exciton dissociation sites enhancing the
bulk-heterojunction.
3.1. Characterization of devices fabricated using the
P3HT:PCBM:CNT-fullerene hybrids
Current density–voltage (J–V) characteristics of the
P3HT:PCBM:CNT-fullerene hybrids are shown in Figs. 6 and 7.
While the P3HT:PCBM:SWNT blend showed Ohmic behavior, most
probably due to the long conductive SWNTs shorting the device,
functionalization of the long SWNTs with C60 changed their electric
characteristics dramatically displaying a more diode-like behavior,
but no photocurrent was generated. It is obvious that SWNTs (up
to 10 !m long) can cross easily through the photoactive layer
(∼100 nm) making an electrical contact with both the cathode (Al)
and the anode (ITO).
A fluorination procedure followed by thermal treatment successfully shortened the SWNTs to ∼60 nm. We observed that
SWNT(B)-C60 showed an improved solubility in chlorobenzene
resulting in a more homogeneous mixture with the P3HT:PCBM
blend. The fabrication of OPVs using P3HT:PCBM:SWNT(B)-C60
blend as the photoactive material showed encouraging results as
seen in Fig. 6 and Table 1. For each of the composite loadings the
donor–acceptor ratio of ∼1:0.6 was maintained. The J–V characteristics of OPVs made with P3HT:PCBM:SWNT(B)-C60 [1:0.5:0.1] (by
weight) showed an open circuit voltage (Voc ), short circuit current
(Jsc ), fill factor (FF) and efficiency (!) of 0.43 V, 6.30 mA/cm2 , 0.41%
and 1.14%, respectively. The control P3HT:PCBM [1:0.66] cell was
used for comparison with an optimized device. It had a Voc , Jsc , FF
and ! of 0.51 V, 7.30 mA/cm2 , 0.48% and 1.81%, respectively. The
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Fig. 6. J–V characteristics of OPVs using P3HT:PCBM:CNT-fullerene hybrids as the
photoactive layer. SWNT: pristine long SWNT up to 10 !m in length; SWNT-C60 :
long SWNT functionalized with C60 ; SWNT(B)-C60 : SWNT barrels with ∼60 nm in
length, functionalized with C60 .

Fig. 7. J–V characteristics of OPVs using P3HT:PCBM:SWNT(B)-C60 as the photoactive layer with different mixing ratios.

series resistance of both device types was similar. However, the
shunt resistance was reduced compared to the control indicating
the 10 wt.% loading may be marginally too high.
Optimization of the OPV performance by changing the ratios of
the P3HT:PCBM:SWNT(B)-C60 blend is shown in Fig. 7. Generally, a
trend of increasing Voc and Jsc (Fig. 8a) was observed with decreasing SWNT(B)-C60 loading. The change in FF and " due to varying the
SWNT(B)-C60 loading is shown in Fig. 8b. It is encouraging that the
Table 1
Characteristics of fabricated OPV devices.
Data
Fig. 6
P3HT:PCBM
P3HT:PCBM:SWNT(B)-C60
Fig. 7
P3HT:PCBM
P3HT:PCBM:SWNT(B)-C60

Conc. wt. (%)

Jsc
(mA/cm2 )

Voc (V)

! (%)

FF

[1:0.66]
[1:0.5:0.1]

7.30
6.27

0.51
0.43

1.81
1.14

0.48
0.43

[1:0.66]
[1:0.6:0.01]
[1:0.6:0.02]
[1:0.6:0.03]
[1:0.6:0.04]

8.72
7.41
8.83
6.50
4.58

0.60
0.58
0.55
0.56
0.34

2.17
1.67
1.81
1.50
0.42

0.41
0.39
0.37
0.42
0.27

Fig. 8. (a) A plot of efficiency and Jsc vs. SWNT(B)-C60 loading; (b) a plot of Voc and
FF vs. SWNT(B)-C60 loading.

Jsc of the OPV made with P3HT:PCBM:SWNT(B)-C60 [1:0.6:0.05] is
approaching that of the standard P3HT:PCBM blend control devices.
The J–V characteristics of OPVs made with P3HT:PCBM:SWNT(B)C60 [1:0.5:0.02] showed a Voc , Jsc , FF and ! of 0.55 V, 8.83 mA/cm2 ,
0.37% and 1.81%, respectively. The control P3HT:PCBM cell for comparison had a Voc , Jsc , FF and ! of 0.60 V, 8.70 mA/cm2 , 0.41% and
2.17%, respectively. In this case both the series and shunt resistances are almost equal for the control devices and those fabricated
from the P3HT:PCBM:SWNT(B)-C60 [1:0.5:0.02] blend.
4. Conclusion
It is clear that the incorporation of CNT materials into OPVs is
often problematic and detrimental to overall device performance
[51]. Ideally only semiconducting CNTs should be incorporated
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into OPV active layers to avoid the issues of electrical shorting by
metallic or pseudo-metallic CNTs. Until CNTs can be sorted in large
quantities based on their conductivity it is not practical to use them
in OPVs, whether as some functionalized active layer or even as
electrodes.
Previous works cite an improvement in performance, this is
however, often based upon a poorly performing initial ‘control
device’. The variation of device performance from batch to batch
of devices can be substantial as the fabrication process is rather
complex. It may not be uncommon to observe a change in Voc of
0.1 V and Jsc of more than 10–20% based upon the unique conditions of each fabrication batch. For each of our J–V characterizations
in Figs. 6 and 7, we include the curves for a standard reference
P3HT:PCBM active layer device to serve as a direct comparison for
the unique fabrication conditions of that batch of devices. We conclude that until a large-scale source for pure semiconducting CNTs
is found, it is not ideal to incorporate them in OPVs.
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[14] D. Zhang, M.A. Kandadai, J. Čech, S. Roth, S.A. Curran, The Journal of Physical
Chemistry B 110 (2006) 12910–12915.
[15] K. Shen, S. Curran, H. Xu, S. Rogelj, Y. Jiang, J. Dewald, T. Pietrass, The Journal of
Physical Chemistry B 109 (2005) 4455–4463.
[16] S. Kim, J. Yim, X. Wang, D.D.C. Bradley, S. Lee, J.C. DeMello, Advanced Functional
Materials 3 (2010) 2310–2316.
[17] S.A. Curran, P.M. Ajayan, W.J. Blau, D.L. Carroll, J.N. Coleman, A.B. Dalton, A.P.
Davey, A. Drury, B. Mccarthy, S. Maier, A. Strevens, Advanced Materials (1998)
1091–1093.

101

[18] X. Gao, H. Matsui, Advanced Materials 17 (2005) 2037–2050.
[19] B. Kim, W.M. Sigmund, Langmuir, The ACS Journal of Surfaces and Colloids 20
(2004) 8239–8242.
[20] S.A. Curran, A.V. Ellis, A. Vijayaraghavan, P.M. Ajayan, The Journal of Chemical
Physics 120 (2004) 4886–4889.
[21] D. Carroll, P. Redlich, P. Ajayan, J. Charlier, X. Blase, A. De Vita, R. Car, Physical
Review Letters 78 (1997) 2811–2814.
[22] R.A. Hatton, A.J. Miller, S.R.P. Silva, Journal of Materials Chemistry 18 (2008)
1183.
[23] V. Sgobba, D.M. Guldi, Journal of Materials Chemistry 18 (2008) 153.
[24] V.N. Khabashesku, W.E. Billups, J.L. Margrave, Accounts of Chemical Research
35 (2002) 1087–1095.
[25] K.-S. Liao, J. Wang, D. Früchtl, N.J. Alley, E. Andreoli, E.P. Dillon, A.R. Barron, H. Kim, H.J. Byrne, W.J. Blau, Chemical Physics Letters 489 (2010)
207–211.
[26] J. Wang, Y. Chen, R. Li, H. Dong, Y. Ju, J. He, J. Fan, K. Wang, K.-S. Liao, L. Zhang,
S.A. Curran, W.J. Blau, Journal of Inorganic and Organometallic Polymers and
Materials 21 (2011) 736–746.
[27] K.-S. Liao, S. Dias, N.J. Alley, S.D. Yambem, A. Haldar, S.A. Curran, Thin Solid
Films (2010) 10–13.
[28] Z. Gasyna, P.N. Schatz, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor, D.R.M. Walton,
Chemical Physics Letters 183 (1991) 283–291.
[29] R.D. McCullough, S. Tristram-Nagle, S.P. Williams, R.D. Lowe, M. Jayaraman,
Journal of the American Chemical Society 115 (1993) 4910–4911.
[30] O. Inganas, W.R. Salaneck, J. Osterholm, J. Laakso, Synthetic Metals 22 (1988)
395–406.
[31] O. Inganas, G. Gustafson, Synthetic Metals 37 (1990) 195–205.
[32] P. Brown, D. Thomas, A. Köhler, J. Wilson, J.-S. Kim, C. Ramsdale, H. Sirringhaus,
R. Friend, Physical Review B 67 (2003) 1–16.
[33] F.C. Spano, The Journal of Chemical Physics 122 (2005) 234701.
[34] J. Clark, C. Silva, R. Friend, F. Spano, Physical Review Letters 98 (2007) 1–4.
[35] J.S. Kim, J.H. Lee, J.H. Park, C. Shim, M. Sim, K. Cho, Advanced Functional Materials 21 (2010) 480–486.
[36] A. Ruseckas, E.B. Namdas, T. Ganguly, M. Theander, M. Svensson, M.R. Andersson, O. Inganäs, V. Sundström, The Journal of Physical Chemistry B 105 (2001)
7624–7631.
[37] G. Louarn, M. Trznadel, J.P. Buisson, J. Laska, A. Pron, M. Lapkowski, S. Lefrant,
The Journal of Physical Chemistry 100 (1996) 12532–12539.
[38] L. Kavan, L. Dunsch, Chemphyschem: A European Journal of Chemical Physics
and Physical Chemistry 8 (2007) 974–998.
[39] M. Shim, T. Ozel, A. Gaur, C. Wang, Journal of the American Chemical Society
128 (2006) 7522–7530.
[40] G. Chen, C. Furtado, U. Kim, P. Eklund, Physical Review B 72 (2005) 1–7.
[41] M. Dresselhaus, G. Dresselhaus, R. Saito, A. Jorio, Physics Reports 409 (2005)
47–99.
[42] S. Curran, D. Zhang, W. Wondmagegn, W. Blau, Synthetic Metals 156 (2006)
482–487.
[43] W. Wondmagegn, S. Curran, Thin Solid Films 515 (2006) 2393–2397.
[44] S.A. Curran, J.A. Talla, D. Zhang, D.L. Carroll, Journal of Materials Research 20
(2005) 3368–3373.
[45] V.Z. Poenitzsch, D.C. Winters, H. Xie, G.R. Dieckmann, A.B. Dalton, I.H.
Musselman, Journal of the American Chemical Society 129 (2007) 14724–
14732.
[46] M. Reyes-Reyes, R. Lopez-Sandoval, J. Liu, D. Carroll, Solar Energy Materials and
Solar Cells 91 (2007) 1478–1482.
[47] C. Li, Y. Chen, Y. Wang, Z. Iqbal, M. Chhowalla, S. Mitra, Journal of Materials
Chemistry 17 (2007) 2406.
[48] R. Radbeh, E. Parbaile, M. Chakaroun, B. Ratier, M. Aldissi, Society (2010)
1514–1519.
[49] S. Berson, R. de Bettignies, S. Bailly, S. Guillerez, B. Jousselme, Advanced Functional Materials 17 (2007) 3363–3370.
[50] S.A. Curran, J. Talla, S. Dias, D. Zhang, D. Carroll, D. Birx, Journal of Applied
Physics 105 (2009) 073711.
[51] H. Derbal-Habak, C. Bergeret, J. Cousseau, J.M. Nunzi, Solar Energy Materials
and Solar Cells 95 (2011) 53–56.

39

Appendix 7

Reprint
M. Majumder, C. S. Rendall, J. A. Eukel, J. Y. L. Wang, N. Behabtu, C. L. Pint, T. Y.
Liu, A. W. Orbaek, F. Mirri, J. Nam, A. R. Barron, R. H. Hauge, H K. Schmidt, M.
Pasquali. Overcoming “Coffee-Stain” Effect by Compositional Marangoni Flow Assisted
Drop-Drying. J. Phys. Chem. B, 2012, 22, 6536.

Article
pubs.acs.org/JPCB

Overcoming the “Coﬀee-Stain” Eﬀect by Compositional MarangoniFlow-Assisted Drop-Drying
Mainak Majumder,†,‡ Clint S. Rendall,† J. Alexander Eukel,† James Y. L. Wang,† Natnael Behabtu,†
Cary L. Pint,§ Tzu-Yu Liu,† Alvin W. Orbaek,§ Francesca Mirri,† Jaewook Nam,† Andrew R. Barron,§,⊥
Robert H. Hauge,§,⊥ Howard K. Schmidt,§,⊥ and Matteo Pasquali*,†,§,⊥
†

Department of Chemical & Biomolecular Engineering, §Department of Chemistry, and ⊥The Smalley Institute for Nanoscale Science
& Technology, Rice University, Houston, Texas 77005, United States
‡
Nanoscale Science and Engineering Laboratory (NSEL), Department of Mechanical and Aerospace Engineering, Monash University,
Clayton, Victoria 3800, Australia
S Supporting Information
*

ABSTRACT: Attempts at depositing uniform ﬁlms of nanoparticles by
drop-drying have been frustrated by the “coﬀee-stain” eﬀect due to
convective macroscopic ﬂow into the contact line. Here, we show that
uniform deposition of nanoparticles in aqueous suspensions can be attained
easily by drying the droplet in an ethanol vapor atmosphere. This technique
allows the particle-laden water droplets to spread on a variety of surfaces
such as glass, silicon, mica, PDMS, and even Teﬂon. Visualization of
droplet shape and internal ﬂow shows initial droplet spreading and strong
recirculating ﬂow during spreading and shrinkage. The initial spreading is
due to a diminishing contact angle from the absorption of ethanol from the vapor at the contact line. During the drying phase,
the vapor is saturated in ethanol, leading to preferential evaporation of water at the contact line. This generates a surface tension
gradient that drives a strong recirculating ﬂow and homogenizes the nanoparticle concentration. We show that this method can
be used for depositing catalyst nanoparticles for the growth of single-walled carbon nanotubes as well as to manufacture
plasmonic ﬁlms of well-spaced, unaggregated gold nanoparticles.
drying.4,5 Yet, a general method for uniform deposition is still
desired, and generality dictates that such a method be based on
controlling the internal droplet hydrodynamics.6
Flow can be driven by surface tension gradients arising from
spatial variations of composition or temperature, the Marangoni
eﬀect, known since the 1800s.7 This eﬀect leads to the wellknown example of the formation of tears in strong wines.8
When properly controlled and engineered, Marangoni ﬂow can
be useful in enhancing heat transfer,9,10 rapid droplet
movement on surfaces,10 cleaning of surfaces,11 inkjet
printing,12 and patterning of nanoparticles.13 Nonuniform
evaporation at the free surface of droplets can generate
temperature gradients and hence Marangoni ﬂow; such ﬂow
can induce strong convection and is prominent in highly
volatile solvents such as octane, ethanol, and pentane but
diﬃcult to generate in aqueous suspensions.14 Hu and Larson
demonstrated that this thermal Marangoni ﬂow can reduce or
eliminate the coﬀee-stain eﬀect for particles dispersed in
evaporating octane droplets;15 they explained that thermal
Marangoni ﬂow is not observed in water-based suspensions
because of the combination of lower volatility and higher heat

1. INTRODUCTION
Nanoparticles (1−100 nm) synthesized or dispersed in
solutions provide a convenient starting point for the
manufacturing of nanostructured materials for various
applications of nanotechnology. Presently, a variety of nanoparticles, for example, gold, silver, quantum dots, metal oxides,
and carbon nanotubes (CNTs), is available commercially or can
be synthesized easily in the laboratory. Such nanoparticles have
diverse uses in photonic devices, in catalysis, and in printable
electronics. Yet, better methods are needed for spreading
nanoparticles uniformly over surfaces. Spin-coating is used
routinely for making nanoparticle ﬁlms; however, spin-coating
inevitably leads to considerable loss of nanoparticles. Moreover,
the ability to form ﬁlms requires tailoring the viscosity and/or
volatility of the solvents. A signiﬁcantly more convenient
method is drop-drying of nanoparticle-laden suspensions on the
substrate of interest; however, drop-drying is prone to particle
aggregation at the edge of pinned drops due to faster solvent
evaporation at the contact line, commonly known as “coﬀeestain”.1 While the coﬀee-stain is sometimes desirable, for
example, in printing repetitive ﬁne lines,1,2 it is detrimental to
the formation of uniform ﬁlms. Uniform deposition has been
attained by convecting the particles to the air−liquid interface,
by leveraging particle anisotropy,3 and by controlling the
composition of the system so as to achieve gelation during
© 2012 American Chemical Society
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2.4. Nanoparticle Suspensions for Growth of SWNTs
and Deposition of Photonic Films. We utilized Fe−Co
alloy catalytic nanoparticles (5−7 nm diameter, as measured by
XRD right after synthesis) for growing SWNTs. The
nanoparticles were initially synthesized in hexane and then
dispersed in an aqueous solution of 10% Igepal (Rhodia). The
hexane was allowed to evaporate in a subsequent step, leading
to an aqueous dispersion of the nanoparticles. Further dilutions
of 1:1, 1:2, and 1:4 by volume were made with the Igepal
solution. The concentration of Fe in the three solutions, as
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), were ∼2200, 3900, and 6900 mg/L
respectively. Details about the method of synthesis and
characterization can be found in the Supporting Information,
section S1. After fabrication, the ﬁlm produced from dropdrying was submerged in a 1:1 methanol/water bath heated at
60 °C for 3.5 h to remove residual surfactants and then dried
inside of a covered Petri dish in ambient conditions. SWNTs
were grown from the Fe−Co nanoparticles deposited on Al2O3coated Si chips using water-assisted CVD, as described
elsewhere.16,17
Au nanoparticles were synthesized by thermal reduction of
HAuCl4 and stabilized with polyvinylpyrrolidone using
established literature protocols.18 Further details of the
synthesis as well as microscopic and optical (UV−vis)
characterization can be found in Supporting Information
section S2.

capacity (compared to organics) and because of the presence of
surface active agents,15 which may be present as particle
stabilizers or contaminants. Yet, such aqueous nanoparticle
suspensions are broadly used; therefore, devising a simple
method for inducing Marangoni ﬂow in drying aqueous
droplets is broadly interesting. Here, we show that Marangoni
ﬂow can be induced easily in drying water droplets by exposing
them to vapors of miscible, low surface tension, volatile liquids
such as ethanol, methanol, and isopropyl alcohol. Such ﬂow
induces a strong recirculation in the droplet, which counters the
convection of particles toward the contact line and, under
appropriate conditions, leads to macroscopically uniform ﬁlms.
We also demonstrate that surface tension forces generated by
the presence of a low surface tension alcohol vapor near the
water droplet can cause it to spread signiﬁcantly on surfaces as
diverse as silicon, mica, polyethylene, PDMS, and Teﬂon. We
demonstrate two useful applications of this method, the
deposition of preformed iron nanocatalysts for SWNT growth
and the formation of photonic ﬁlms.

2. EXPERIMENTAL SECTION
2.1. Visualization of Drop-Drying Flow. The experiments were conducted at ambient conditions in a Petri dish
divided into four compartments. One compartment housed the
surface of interest on which we spotted either deionized water
or the nanoparticle suspension; the remaining three compartments of the Petri dish were ﬁlled with ethanol. The droplets
were spotted by a micropipet and were 0.5−5 μL. The ﬂuid
motion within the evaporating droplets was visualized with
polybead black dyed microspheres (Polysciences Inc. 2.5%
weight/volume) with diameters of ∼3 and ∼10 μm. We
optimized the particle concentration by diluting ∼1 μL of the
as-purchased microsphere dispersion in 10 mL of water, such
that light would pass easily through the droplet, yet there were
enough microspheres for easy observation. A CCD camera
(Photometrics CoolSnap cf) equipped with a 12× zoom
macrolens, a 1.5× lens attachment, and a 1.33× adapter was
used to capture particle movements within the droplets at 50−
150 frames per second. The resulting videos were analyzed by
Metamorph software.
2.2. Measurement of Spreading and Contact Angle.
The drop-spreading rates were measured by imaging the top
view of the solid−liquid contact diameter as a function of time
for 20−25 min with a digital camera (Fujiﬁlm Z20fd, with video
capability). The substrates used were glass slide covers,
polyethylene cut from a Ziploc bag, and Teﬂon tape and sheets.
The contact angle of water droplets on a Teﬂon surface in
the presence of ethanol vapor was measured with a CAM-200
instrument (KSV Instruments, Finland). In the case of
spreading droplets, videos of changing contact angle were
captured, and the data were analyzed with built-in software to
determine the droplet dynamic contact angle and volume.
2.3. Functionalization of Surfaces. For the functionalization experiments, hexamethyldisilazane (HMDS, 98%, Alfa
Aesar) and trichloro(3,3,4,4,5,5,6,6,7,7,8,8,8tridecaﬂuorooctyl)silane (FS, 97%, Sigma Aldrich) were used
as received. For both functionalization reactions, the substrates
(Si chips coated with ∼10 nm of Al2O3 by e-beam deposition)
were placed in a closed glass Petri dish alongside a watch glass
containing two to ﬁve drops of the reactant for 3.5 h, allowing a
vapor phase reaction. Due to the hygroscopic nature of FS,
functionalization reactions were carried out under an inert
environment in a glovebag.

3. RESULTS AND DISCUSSIONS
3.1. Recirculating Flow Inside of Droplets. Placing the
water droplet on the Teﬂon surface under ambient conditions
leads to gradual particulate settling (see the ﬁrst video in the
Supporting Information, section S3). In sharp contrast, a
vigorous recirculating ﬂow within the droplets sets in when the
water droplet is exposed to air saturated by ethanol vapor (the
second video in the Supporting Information, section S3). The
microspheres move toward the edge of the droplet, follow the
droplet curvature upward approximately to two-thirds of the
height of the droplet, and return toward the center. The droplet
surface area is larger at the edges; hence, mass transfer with the
environment is promoted at the droplet edge (evaporation of
solvent in the classical one-component case; absorption of
ethanol in our case).1 Therefore, the alcohol concentration is
higher at the droplet edges, which reduces the surface tension
there. The resulting surface tension gradient induces Marangoni
ﬂow under the free surface from the contact line toward the
droplet top, and a recirculation sets in by conservation of mass.
This recirculating ﬂow keeps the particles suspended and away
from the contact line. At the free surface, the surface tension
gradient must be balanced by the tangential shear stress,19 τrz =
∂γ/∂r or, equivalently
∂Uz
∂U
1 dγ
+ r =
∂r
∂z
μ dr

Here, τ is the shear stress, γ is the surface tension of the liquid,
U is the velocity vector, and the subscripts r and z represent its
components along the radial and axial directions (Figure 1).
Settling of the micrometer-sized tracers driven by the
gravitational forces was observed in the videos; however, the
recirculating forces arising from Marangoni ﬂow slow down this
process considerably. The gravitational forces on these large
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Figure 1. (A) Motion of particles in a droplet under standard ambient
evaporation conditions showing that diﬀerential evaporation rates at
the edge and middle drive the particles to the edges, leading to coﬀeestain formation. (B) Internal droplet ﬂuid motion under the inﬂuence
of Marangoni ﬂows. Particles tend to settle and move toward the edge,
but higher surface tension at the droplet top generates Marangoni
forces from the contact line toward the top of the droplet. These
forces induce ﬂow from the contact line toward the droplet top,
resulting in the recirculating ﬂow pattern represented above. The
recirculating ﬂow homogenizes the particle concentration, overcoming
coﬀee-stain formation and leading to uniform deposition.

Figure 2. Photographs of (A) conventional coﬀee-stain formation
from an aqueous Au nanoparticle suspension (0.034 wt % HAuCl4,
stabilized with PVP) dried on a Teﬂon surface in air and (B)
Marangoni-induced nanoparticle ﬁlms on a Teﬂon surface when dropdried under an ethanol vapor atmosphere. The optical micrograph of
droplet edges on a Teﬂon surface: (C) The edge of a coﬀee-stain
droplet with heavy particle concentration at the edge and a strong
concentration gradient from the edge to the center. (D) Insigniﬁcant
particulate aggregation at the droplet edge when dried under an
ethanol vapor atmosphere and a macroscopically homogeneous
droplet interior. The scale bar is 0.2 mm.

tracer particles are dominant; thus, the settling velocity (Vs) can
be estimated from the Stokes equation given by
Vs =

2 (ρp − ρf ) 2
gR
9
μ

Here, ρp is the particle density (∼1050 kg/m3), ρf is the ﬂuid
density (∼1000 kg/m3), μ is ﬂuid dynamic viscosity (∼ 8.9 ×
10−4 Pa s), g is gravity (9.8 m/s2), and R is the radius of the
particle. For ∼3 μm particles in a water droplet, the resulting
settling velocity is Vs ∼ 1.1 × 10−6 m/s. Considering that a 5 μL
drop of water on Teﬂon is initially ∼1.4 mm tall, the particles
should remain visible for ∼21 min before settling. Consistent
with this calculation, we observed that the particles started to
settle from ∼10−15 min. In the case of Marangoni generated
ﬂows, the time scale for settling was substantially longer (>40
min). While the tracer particles visually conﬁrm recirculation in
the drops, this internal droplet motion has a more dramatic
eﬀect in attaining a more uniform particle deposition. A
schematic of the velocity proﬁle inside of a drop that leads to
coﬀee-stain formation (shown in Figure 1(A)) is contrasted
with the recirculating velocity proﬁle in Figure 1(B). Consistent
with the schematic, we also observe that the recirculating ﬂow
continuously removes particles from the contact line and moves
them along the free surface toward the droplet center,
preventing the formation of a particle concentration gradient
at the pinned edges and keeping the particle concentration
uniform within the drop, which results in macroscopically
uniform depositions (compare Figure 2A and B). In addition to
the ethanol vapor atmosphere, uniform ﬁlm depositions were
also observed when the drying air was saturated by methanol
and, to a lesser extent, by isopropanol (see Figure S4A−C of
Supporting Information section S4). The observation of
recirculating Marangoni ﬂow in an ethanol−water system and
the consequential elimination of coﬀee-stain formation parallels
the ﬁndings of Hu et al. and Kajiya et al.15,20 While Hu et al.
obtained particle deposition in the center of the drop, Kajiya et
al. obtained a more uniform deposition throughout the drop.
3.2. Droplet Spreading and Drying. In addition to
causing a strong recirculating ﬂow, alcohol absorption lowers
the liquid−solid contact angle, inducing the spreading of the
droplets over disparate surfaces, such as silicon, glass, mica,

polyethylene, PDMS, and even Teﬂon. (see the second video in
the Supporting Information to observe the spreading of the
drops on a Teﬂon surface). The kinetics of spreading can be
characterized by a simple power law, D(t) = ktn, where D is the
diameter of the droplet, t is the time, and k and n are empirical
constants.21 The capillary length (κ−1) of a liquid drop is
deﬁned by κ−1 = (γ/ρfg)1/2 and relates the importance of
gravitational to capillary forces during spreading. In general, for
spreading under gravity (when D > 2κ−1), the power-law
exponent is ∼0.125. For spreading in the capillary regime
(when D < 2κ−1), the spreading exponent is ∼0.1. Although the
spreading behavior depends on various parameters, including
surface roughness and surface contamination, for all practical
purposes, normal spreading (driven by surface tension and/or
gravity) is characterized21 by an exponent of ∼0.1−0.14.
Marangoni stresses (driven by surface tension gradients) are
also known to cause spreading because the surface tension
gradient induces shear stresses at the air−water interface,22 but
the spreading rates can be signiﬁcantly faster. According to the
laminar boundary theory, the exponent can be as high as 0.75,
although Dussaud and Troian23 experimentally determined the
exponent to be smaller (∼0.5). Our experiments (Figure 3)
show the spreading exponents ranging from 0.16 on hydrophobic surfaces such as PDMS or Teﬂon to 0.3 for silicon,
above the normal spreading values but below Marangoni-driven
spreading. Spreading on mica was signiﬁcantly faster than that
on silicon (but diﬃcult to quantify). Given that the observed
exponents are larger than normal spreading, we conclude that
spreading is driven primarily by reduction of surface tension but
speculate that it could be enhanced by Marangoni stresses.
We emphasize here that the presence of an ethanol
atmosphere is crucial to the spreading behavior. For example,
ethanol drops on the Teﬂon surface in the presence of an
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Figure 3. (A) Experimentally observed spreading of water droplets on diﬀerent surfaces in a saturated ethanol vapor atmosphere. The slope of the
plot of logarithmic droplet diameter versus the logarithmic time yields the spreading coeﬃcients and a possible mechanism of spreading. (B)
Experimental setup comprised of a divided Petri dish with three chambers ﬁlled with ethanol and the fourth containing the water droplet on the
surface of interest.

4A), which demonstrates that water is preferentially evaporated
from near the contact line given the saturated ethanol vapor
environment. The resulting surface tension gradient leads to
transport of ﬂuid and particles from the edges to the center
through recirculation. Visualization of the internal droplet ﬂow
with our experimental setup was diﬃcult as the contact angle
diminished to ∼40° or lower; yet, we clearly observed particle
recirculation for more than ∼40−45 min, that is, during the
droplet drying stage. We believe that compositional surface
tension induces an homogenizing recirculating ﬂow in the
evaporating droplet until the particle volume fraction increases
enough to induce gel-like behavior, that is, when the viscous
forces start dominating over surface tension.
The eﬀect of the Marangoni convection and its role in
overcoming the coﬀee-stain formation can be estimated
through the Peclet number (Pe), which determines the
importance of convective to diﬀusive mass transport. In our
case, the convection arises from two mechanisms, (1) faster
evaporation of the solvent from the edges than that at the
center of the drop (which promotes coﬀee-stain formation) and
(2) Marangoni ﬂow. The Peclet number due to evaporation
(PeE) is,26 PeE = lcvc/Dp, where lc is the length scale of the
droplet (∼ 5 mm), Je is the evaporation ﬂux estimated from the
declining volume versus time curve in Figure 4B (∼2.5 × 10−3
μL/s), vc ∼ Je/lc2 is the evaporation velocity (∼10−5 cm/s), and
Dp is the particle diﬀusivity estimated from the Stokes−Einstein
equation for 50 nm particles in a 50:50 water−ethanol mixture
(∼8.7 × 10−8 cm2/s).
The Peclet (PeMa) number due to Marangoni ﬂow is22 PeMa
= Δγlc/μDp. For example, Δγ can be estimated to be ∼1.5 mN
(γ 50−50 water−ethanol is ∼28.8 mN/m, and γ40−60 water−ethanol ∼ 27.3
mN/m is the diﬀerence in surface tension between a 50:50
water−ethanol mixture and a 40:60 water−ethanol mixture
given that water is preferentially evaporated during this

ethanol vapor atmosphere did not spread, which is consistent
with the inability of alcohol drops to spread on Teﬂon under
ambient conditions.24 Moreover, the ethanol droplets in the
presence of a water vapor atmosphere or the water droplets in a
water vapor atmosphere failed to spread on a Teﬂon surface.
Spreading was observed only when the water droplets were
exposed to air saturated with ethanol or other water-soluble,
volatile, and low-surface-tension compounds (termed cosolvents).
To understand how alcohol vapor causes the water drop to
spread on surfaces such as Teﬂon, we monitored the
progression of droplet shape and volume. The water droplet
ﬂattens itself, and the contact angle of pure water falls from
∼100 to ∼40° in ∼45 min (see Figure 4A). The plot of the
droplet volume (see ﬁgure 4B) indicates a period of
enlargement up to ∼30−33 min followed by shrinkage. The
period of enlargement coincides with the period of droplet
spreading and ﬂattening arising from the absorption of alcohol
from the gas phase. Noticeable during this spreading is the
“step-like” motion of the declining contact angle, and this can
be attributed to the “stick−slip” motion of the contact line25
over a rough surface such as Teﬂon. The contact angle of the
water droplets after spreading and just before the onset of
drying is very close to that of a 50−50 water−ethanol mixture
(∼40°) but larger than that of pure ethanol (∼30°). These
ﬁndings corroborate with the measured spreading exponents in
concluding that spreading on a Teﬂon surface is driven by the
gradual lowering of the surface tension of the water (γ ∼ 72
mN/m) droplet through absorption of ethanol (γ ∼ 22 mN/
m).
But what happens to the water drop (now a mixture of
water−ethanol) during the drying stage that leads to the
elimination of the coﬀee-stain? The contact angle maintains its
low value of ∼40° during the drying of the droplet (see Figure
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In summary, the saturated ethanol atmosphere accelerates
the spreading of the nanoparticle suspensions over surfaces of
interest and generates recirculating ﬂows arising from surface
tension gradients, which homogenize the nanoparticle concentration across the dried drop.
3.3. Nanoparticle Depositions and Applications. The
ability to form nanoparticle ﬁlms on substrates of interest can
have various applications. We have utilized this strategy to
deposit catalyst Fe nanoparticles for growing single-walled
carbon nanotubes. In order to avoid uncontrolled wetting on
silicon, a hydrophilic surface, and to create a surface with
characteristics similar to Teﬂon, we functionalized the aluminacoated Si chips with hydrophobic molecules such as HMDS
and ﬂuororinated silane (FS). When the catalyst particles were
dried under ambient conditions, the catalysts were concentrated at the edge, resulting in the growth of SWNT arrays at
the droplet edge but no nanotube growth in the center of the
droplet (see Figure 5A,B). In contrast, with Marangoni-assisted
drying, there is considerable growth of SWNTs even at the
center of the drop (see Figure 5C,D). This is further
emphasized by Raman spectroscopy data, also shown in Figure
5, which is collected from the center of the droplet,
corresponding to Figure 5B and C, respectively. The D
(∼1290 cm−1) and G (∼1591 cm−1) bands emphasize the
substantial diﬀerence in SWNT population between the two
droplets. In the center of the droplet with Marangoni-assisted
drying, strong D and G bands are evident, with a low D/G ratio
that is indicative of SWNT growth in the water-assisted CVD
process.16,17 However, the D and G bands are comparatively
nonexistent in the center of the drop-dried sample, indicating
the lack of a SWNT in this region. Further analysis of the
diameter-dependent radial breathing modes (RBMs, 70−300
cm−1) emphasizes the presence of both semiconducting and
metallic SWNTs having small diameters (<3 nm) present in the
center of the Marangoni dried catalyst particle droplet but no
identiﬁable RBMs from the drop-dried particles. Highmagniﬁcation scanning electron microscope (SEM) images
shown in Figure 5C and D emphasize that the nanotube growth
occurs uniformly across the droplet formed from Marangoniassisted drying, and it is low-density surface growth that is
typically observed with a sparse catalyst coating. It is therefore
of interest to modify the concentration of the particle
suspension to engineer a surface that can successfully result
in the nucleation of a SWNT layer dense enough to yield
vertically aligned SWNT growth or carpet growth.16 In a
separate but related experiment using acetic acid as the
cosolvent instead of ethanol, we have been able to deposit
uniform catalyst layers and grow thick carbon nanotube webs
(see Supporting Information Figure S5). For the ﬁeld of carbon
nanotube catalysis, the ability to controllably deposit layers of
catalytically active nanoparticles through a wet process is of
great interest in the search for cheap, scalable alternatives for
carpet growth substrates. This is of key importance because the
cost of substrate coating is a limiting factor to widespread
implementation of these intrinsically aligned SWNT materials
into a range of applications, including conductive transparent
ﬁlms, electronic circuits, and membranes, that can compete
with currently existing technologies. We demonstrate that
Marangoni-assisted catalyst deposition can lead to the development of such a process that can obviate expensive vacuum
deposition techniques that make scaling technology for dense
CNT growth considerably more diﬃcult.

Figure 4. Evolution of the droplet contact angle and volume on a
Teﬂon surface: (A) The contact angle of water droplets decreases in
time, indicating spreading; droplets of 50:50 ethanol/water spread
minimally, whereas pure ethanol droplets do not spread signiﬁcantly.
(Inset) Time lapse photographs for 1, 10, 20, and 30 min of spreading
of water droplets. (B) The droplet volume grows with time because of
the absorption of alcohol; however, after ∼30 min, the drops start
evaporating due to imperfect Petri dish sealing. (Inset) Top-view of
the same initial volume (∼5 μL) of the ethanol (red circle) and water
(blue circle) after ∼45 min in an ethanol vapor atmosphere.

stage),27 and μ is the viscosity of the solvent (50:50 water−
ethanol). These estimates yield a PeE of ∼50, and PeMa is ∼3 ×
108, indicating the strong inﬂuence of Marangoni stresses.
To understand if the slow rate of evaporation (hence, the
smaller PeE) is alone responsible for the elimination of coﬀeestain, we dried the aqueous droplets in a saturated water vapor
atmosphere. Such an atmosphere would be indicative of slowest
evaporation without any Marangoni inﬂuence. These conditions failed to yield any ﬁlm (see Figure S4E, Supporting
Information). To assess if the mere mixing of the two solvents
can explain the removal of the coﬀee-stain problem, the
nanoparticle-laden drops were kept under an ethanol vapor
atmosphere for ∼45 min to spread to their fullest extent and
then removed from such an atmosphere and dried under
ambient conditions (see Figure S4F, Supporting Information).
Not surprisingly, the coﬀee-stain problem persisted.
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Figure 5. Applications of the Marangoni-assisted nanoparticle deposition technique for growth of SWNTs grown from Fe−Co nanoparticles
deposited on a HMDS-functionalized Si substrate, dried under ambient conditions (a,b) and under ethanol-induced Marangoni drying conditions
(c,d).

Figure 6. Application for depositing photonic particles with minimal aggregation: (A) SEM images of commercial 50 nm Au nanoparticles deposited
on a mica surface by Marangoni-assisted deposition of 10 μL of the Au nanoparticle solution on a 1 cm × 1 cm freshly cleaved mica sheet. Clearly
minimal aggregation is observed. (Inset) SEM image of an isolated and individual nanoparticle. (B) UV−vis absorbance of Au nanoparticles
deposited on a glass substrate. The black line denotes the measured plasmon resonance peak for the ∼15 nm Au nanoparticles in the form of a
suspension. The solid lines are the spectra for Marangoni-dried ﬁlms, and the dotted lines are the spectra for as-dried ﬁlms. Notice that the
Marangoni-dried ﬁlms show a minimal red shift, whereas conventional drying resulted in a ∼50 nm shift.

likely to be caused by uncontrolled aggregation from coﬀeestain formation (compare photographs of Au nanoparticle ﬁlms
on a glass surface formed by normal drying (Figure S2A,
Supporting Information) versus Marangoni-assisted drying
(Figure S2B, Supporting Information). Nevertheless, the
general observation of the ability to form minimally aggregated
nanoparticle depositions using drop-drying that obviates loss of
nanoparticles should be of interest for photonic and solar cell
applications. One of the critical issues with widespread
deployment of second-generation solar cells is the need to
develop solution-based scalable methods to deposit nanoparticles on a wide variety of substrates. We believe the
principles demonstrated here can lead to the development of
such processes, if necessary by extending the concept to a
multitude of solvent and cosolvent systems, where the
compositional Marangoni eﬀect can be easily generated.28

We were also able to synthesize unaggregated ﬁlms from
photonic nanoparticles. On a hydrophilic surface such as mica
or glass, we observe that the gold nanoparticles (∼50 nm
diameter, 0.01 wt % HAuCl4, BBI International) can be spread
to form sparse and isolated depositions (see Figure 6A). We
also performed nanoparticle deposition experiments using our
laboratory-prepared smaller Au nanoparticle suspensions (∼20
nm diameter, 0.034 wt % HAuCl4), which showed the plasmon
peak at ∼520−530 nm (see Supporting Information section S2
for UV−vis spectra). The UV−vis spectra of the Marangoniassisted depositions on a glass surface show a minimal red shift
of the plasmon peak when compared with the Au nanoparticle
solution (spectra denoted by solid lines in Figure 6B). In
contrast, the drop-dried depositions (spectra denoted by dotted
lines in Figure 6B) show a ∼50 nm red shift. Although the
plasmon resonance peak of nanoparticles depends on a variety
of factors including the immediate electronic environment, it is
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4. CONCLUSIONS
While most research to date has focused on the drop-drying
behavior and particle deposition characteristics under ambient
conditions, the versatility and usefulness of the drying
environment have surprisingly been ignored; in this article,
we have demonstrated that aqueous nanoparticle suspensions
driven by lowered surface tension through absorption of
alcohol from the saturated alcohol environment can spread on a
wide variety of substrates including mica, glass, silicon,
polyethylene, PDMS, and Teﬂon. Marangoni recirculation
arising from compositional surface tension gradients during
spreading and drying allows signiﬁcant back-ﬂow of particles
from the pinned droplet edges to reduce the coﬀee-stain
phenomena leading to macroscopically uniform nanoparticle
depositions across the dried drops. Among the myriad of
applications possible for this technique, we have shown how
one can spread Fe nanocatalysts to grow SWNTs uniformly
across a dried drop and also form isolated, sparse, and lowly
aggregated photonic nanoparticle depositions. The principles
demonstrated here could allow the development of scalable and
cost-eﬃcient liquid-phase processes for depositing nanoparticles on a wide variety of substrates for growth of
SWNTs or ﬂexible solar cell applications.
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Complications pertaining to the detection and
characterization of individual and embedded single
walled carbon nanotubes by scanning electron
microscopy†‡
Alvin W. Orbaeka and Andrew R. Barron*abc
Comparison of AFM and SEM images of single walled carbon nanotubes (SWNTs) grown within a dielectric
matrix reveal subterranean nanotubes that are present within the matrix, and as such can be charge
screened by the dielectric. Under adequate imaging conditions for the SWNT/silica sample the intensity
of isolated nanotubes is found to be inversely proportional to the instrument dwell time (i.e., shorter
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dwell times were found to make SWNT intensities brighter). The threshold dwell time required to
enable isolated tubes to be visible was found to be 10 ms; moreover, the degree change in intensity was
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found to be nanotube speciﬁc, i.e., diﬀerent SWNTs respond in a diﬀerent manner at diﬀerent dwell
times. The results indicate that care should be taken when attempting to quantify number density and
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length distributions of SWNTs on or within a dielectric matrix.

1

Introduction

Single walled carbon nanotubes (SWNTs) are described as a
graphitic lattice that is rolled into a tube according to (n,m)
vector values, such that the nanotube properties vary according
to the (n,m) value; as this dictates the chiral angle that is subtended with respect to the h100i graphitic lattice.1 Most notably
this aﬀects the electronic band structure according to the roll
angle,2 resulting in bandgap values that range from zero
(metallic) to several eV (semiconducting). The single greatest
drawback to the adoption of SWNTs into electronics devices
arises from the variety of bandgaps present for any given sample
of as synthesized SWNTs. As such it is desirable to have SWNTs
with very discreet bandgaps to make samples of homogenous
electronic properties, and recent research has focused on
methods for separation.3 In addition to separation it is necessary to characterize these nanotubes to determine the bandgap
that they posses. To do this one may employ several complimentary ensemble spectroscopy techniques such as Raman,3
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uorescence,4 or absorbance.5 However, we report herein that it
is possible to diﬀerentiate SWNTs based upon their diﬀerential
charge/discharge time scales during scanning electron microscopy (SEM) imaging when they are encapsulated within a
dielectric.
SEM works by the detection of secondary electrons emitted
from a sample upon excitation by an incident electron beam.
Sample properties such as bandgap, oxidation state, conductivity, atomic number (z), and work function can all play a part
to determine the number of secondary electrons that are
emitted, and hence determine the capacity for detection within
an SEM.6 The secondary electrons emitted from a sample do not
follow a linear relationship with respect to incident energy and
must be determined empirically for each sample composition.
In order to acquire adequate imaging the cross over point must
be achieved, whereby there are more secondary electrons
emitted with respect to incident electrons. Highest imaging
capacity is achieved when the maximum number of secondary
electrons are emitted with respect to incident electrons, this
value can vary for materials that are even composed of the same
elements (see ESI‡). The cross over point for various materials
was intensely investigated in the early days of SEM, as it was a
new way to probe material characteristics whereby the sample is
in eﬀect the detector.
We have recently reported a method for growing pristine
(unfunctionalized) SWNTs within a silica matrix.7,8 The density
of nanotubes is controlled by alteration of the partial pressures
of the growth gasses, growth times, number of growth cycles,
and catalyst concentration. The nanotubes are un-altered by
chemical functionalization, oﬀering a unique opportunity to
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study electronic properties without sidewall functionalization
or other post-growth purication steps that alter the Fermi
surface on the nanotube.9 Signicant inter-tube interactions
arising from inordinately strong sidewall coupling5 create a
percolating network. We have noted that SWNTs would appear
as bright or dark when characterized by SEM: bright when
connected and dark when not connected to the network. These
dark tubes were better resolved using rapid dwell times,
compared to dwell times typical for imaging. This is counter
intuitive to traditional thinking that suggests longer dwell times
give greater image resolution, due to greater electron count at
the detector whereby “long recording times are necessary to
increase the signal-to-noise ratio”.6 These results have prompted an investigation of the time resolved dependence on the
SEM imaging of SWNTs.

2

Experimental details

Nanotube synthesis was accomplished using previously reported method,7,8 in which iron and cobalt nitrate salts form to
nanoparticles in situ as a necessary step to catalyse the growth of
SWNTs. Equal portions of iron and cobalt nitrate (2.5 mM each)
are dispersed in Spin-On Glass solution and then spin cast
(120 kHz, for 20 seconds) on an n-type silicon substrate (1 cm2)
that has been cleaned by the RCA-1 method. Upon introduction
to a horizontal tube furnace the temperature is raised to 900 ! C
under the presence of argon (500 sccm), at a ramp speed of
30 ! C min"1. Aer 30 minutes the gas is changed to H2
(250 sccm) and CH4 (250 sccm) and the nanotubes are grown for
a period (15 min) prior to rapid cooling under Ar (500 sccm).
SEM analysis was carried out on a FEI Quanta 400 in HiVac
mode with an aperture of 4 or 5 (50 mm and 40 mm respectively).
Operating voltage was varied between 10 and 30 kV. Line integration was not applied; the image was integrated per selected
integer value integrating the frames. Images were saved using 24
bit TIFF, of 1024 # 884 pixel resolution. At a dwell time of 10 ms
the line scan frequency is 97 Hz. At 0.1 ms the line scan frequency
is 9.7 kHz. The program ImageJ (ver. 1.44f)10 was used to achieve
better denition of isolated nanotubes in the image; each image
was converted to an 8 bit image then scaled according to SEM
scale bar. To apply an appropriate change to minimum and
maximum values of the 8 bit image a line scan across a network
SWNT indicated that the alteration was not bleaching the data.
Min/max enhancement was carried out such that the value of
maximum value of 255 was not reached. Pixel intensities for
each area of interest were acquired using the multi-point tool,
and then a multi-measure of those points is carried out.
AFM was carried out on a Digital Instrument Nanoscope III
operating in non-contact mode using K-TEK Nanotechnology llc,
Tetra 15/AuBs tips; operating with a resonant frequency of
$300 kHz conducting 256 # 256 line scans at a frequency of 2 Hz.

3
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examined using surface measurements such as AFM, surface
features can be characterized; including nanoparticle catalyst,5
and SWNTs (Fig. 1a). However, when the same area was studied
by SEM (Fig. 1b) a much higher concentration of SWNTs were
observed. This is illustrated schematically in Fig. 2. This can be
rationalized by considering the higher penetration depth of
SEM11 as compared to the purely surface detection of AFM. This
comparison is consistent with the presence of SWNTs that are
imbedded within the silica matrix, or subterranean SWNTs.6 The
formation of subterranean SWNTs is reasonable given that the
catalyst precursors (iron and cobalt nitrate) are interspersed
within the entirety of the silica precursor (Spin-On Glass), and
the resulting silica (formed upon thermolysis) is porous, it is
reasonable that some of the embedded catalyst nanoparticles
grow SWNTs that remain embedded within the silica matrix.
Those nanotubes that grow within the matrix are entirely surrounded by silica, such that they are not seen using AFM. Since
we were interested in the activity of various catalyst (i.e., the
number of SWNTs grown per unit area irrespective of locations)
we have consequently used SEM to quantify SWNT growth when
using the Spin-On Glass catalyst system.7,8 Our concept of
subterranean SWNT is consistent with the work of Loos et al.,
that have previously reported imaging SWNTs within a polystyrene matrix.6
In the samples that we have produced (using iron/cobalt
catalysts) there is a large randomly arranged network of interconnected SWNTs that can be detected readily using SEM
(Fig. 3). It was found that SEM readily images those SWNTs that
form elaborate and random networks via tube–tube interactions
as they have a high contrast width in respect to the background
signal. Such interactions between tubes can occur for one tube

Fig. 1 Comparison of (a) AFM and (b) SEM images of SWNTs grown from FeCo
catalysts in a Spin-On Glass substrate, suggest the presence of subterranean
SWNTs as determined by SEM imaging.

Results and discussion

We have previously reported that SWNTs can be grown from in
situ formed catalysts by mixing the appropriate metal precursor
within Spin-On Glass.7,8 When the as-grown samples are
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Fig. 2 Schematic representation of the imaging of surface versus embedded
SWNTs.
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Fig. 3 SEM image of typical sample of SWNTs grown from FeCo catalyst within a
Spin-On Glass substrate, displaying a random network of SWNTs traversing the
substrate. The networks consist of various length nanotubes that are interconnected, these SWNT appear strongly in the SEM. However very faint images of
nanotubes are also detected in the image, they appear to be unconnected and
isolated from the network, as highlighted by the box. Note that within rectangular area there is no apparent SWNT. Image was acquired with 40 ms dwell time,
5 kV, spot size 4, WD 3.6 mm.

wrapping around upon itself, or two diﬀerent nanotubes
forming a T-shaped artefact. Both types are shown in Fig. 4a.
From close inspection, with AFM, of nanotubes that appear as a
needle eye (Fig. 4b) it is evident that nanotubes are in intimate
contact with each other, thus allowing for electrons to pass from
one SWNT to another.12
As may be seen from the SEM image in Fig. 3, that in addition to well resolved images of networked SWNTs, there appears
to be the faint appearance of individual isolated nanotubes, as

Fig. 4 SEM image of examples of interconnections between SWNTs (a). When
nanotubes are connected they undergo intimate contact along the sidewalls and
can be characterized by AFM, which upon imaging at higher resolution reveals a
shape similar to that of the eye of a needle (b).
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indicated by the box. For all nanotubes with a lower bandgap
than that of the local silica environment, an electron percolation network is formed as a favourable pathway for electron
transport. This eﬀectively increases the signal to noise ratio of
the networked SWNTs due to the availability of electrons from a
reservoir of electrons13 to replenish those that are emitted to the
detector; thus they are brighter compared to nanotubes that are
isolated, and charge screened. Nanotubes on a surface are not
fully screened, and it has been noted that nanotubes on an
oxide surface exhibit enhanced secondary electron emission,14
and they are easy to detect for this reason. But for subterranean
SWNTs that grow submerged, or become submerged in a matrix
aer processing, or even during growth due to catalyst
mobility,15 charge screening can prevent their ready detection. It
is the nanotubes that are isolated and submerged within the
silica that are diﬃcult to detect. Isolated nanotubes are barely
visible to such an extent that without further image enhancement from a program such as ImageJ10 nanotubes are oen
diﬃcult to detect (see the box in Fig. 3). This eﬀect makes the
use of SEM imaging for nanotubes a non-trivial task for quantication purposes when in contact with a dielectric, because
the nanotubes can be present, but invisible under certain
conditions.
It is observed that isolated nanotubes exhibit a time dependent property during SEM imaging that until now has not been
reported. Even though it has been observed that nanotubes can
appear as both bright and dark due to an eﬀect of voltage
contrast.16 We have discovered that the contrast has a time
dependant factor instead. In short we have found that the isolated subterranean (embedded in the substrate) tubes are dimly
present when the dwell time is long (80 ms) as shown in Fig. 5a;
however as the dwell time is decreased the isolated nanotube
becomes more and more evident (Fig. 5b–d). Unfortunately, a
negative consequence of shorter dwell times is a corresponding
decrease in the signal-to-noise ratio. To compensate for this,
image denition can be enhanced using recursive imaging,
leading to greater signal-to-noise ratios in the nal image by
using frame integration.

Fig. 5 SEM images of rectangular box from Fig. 3. Individual and isolated
subterranean nanotube reveal that once the cross over point for the nanotube is
achieved the nanotubes can still appear very faint within the image (a). Upon
altering the instrument dwell time, to quicker time frames, the nanotube intensity
varies according to the respective dwell time. In this case the dwell times are 80 ms
(a), 10 ms (b), 3 ms (c), and 0.3 ms (d). All images acquired with 1! frame integration, 5 kV incident beam, spot size 4, and working distance 3.6 mm.
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It is interesting to note that the time dependent imaging was
only observed when applying frame integration, as opposed to
line integration. The diﬀerence being that when frame integration is applied the entire surface is charged (including the
imaging area), as opposed when line integration is applied only
the imaging area is charged. When the entire surface is charged,
then SWNTs that are connected to each other, but are oﬀ of the
screen, can act as a conduit of electrons, meaning they will have
higher charges than the isolated tubes. But in the case of frame
integration where just the imaging area is irradiated then all the
SWNT will have a similar level of charging, and so they cannot
be discerned by using quicker frame rates. Because their
charges are more similar, it is harder to discern diﬀerences in
intensity between them, regardless of whether they are isolated
or not. But by using frame integration and scanning at diﬀerent
time scales we notice diﬀerent isolated nanotubes to be more
apparent than at other time scales, suggesting the time scale
necessary to image the SWNT is dependent on the properties of
that nanotube, and more importantly it is specic to that
nanotube. We note that Kovacs et al. reported a similar time
eﬀect for imaging of isolated MWNT bundles dispersed in a
polymer matrix.17
To demonstrate the eﬀect of dwell time a section of representative data has been cropped from an SEM image that was
acquired at 40 ms, 10 ms, and 0.5 ms dwell time, Fig. 6a–c
respectively. Two points to note from this image are: rstly, the
intensity of the networked nanotube is typically greater than
that of the isolated tubes, so the intensity of the networked
nanotubes were used as a control for the comparison of pixel
intensity values. Secondly, at a short dwell time the isolated
tubes are emitting suﬃciently that they appear brightly in the
image. But at longer dwell times of 40 ms, these same tubes
appear dark; the intensity of these tubes is now lower than that
of the background (Fig. 7). Clearly the eﬀect of dwell time is
profound for the detection of these tubes. To quantify this eﬀect
ImageJ15 was used to measure pixel intensities. These nanotubes are of comparable size and dimension, suggesting a
diﬀerence in chemical or physical makeup dictate the diﬀerent
electronic interactions between the tube and the dielectric,
which in turn aﬀects how the nanotube is imaged.
Unlike previous studies17 where distinction based on dark
(long dwell time) versus light (short dwell time) images, we nd
that the change in intensity with dwell time appears to be
specic for individual tubes, rather than a gross feature of the
sample. A graph plotting the nanotube intensities as a function
of inverse dwell time is presented in Fig. 8.
In this graph there are three points of note. Firstly, at dwell
times greater than 10 ms (#0.1 ms!1) most of the nanotubes are
displaying intensities lower than that of the background signal;
in essence they are appearing as dark. But as the dwell time
decreases these nanotubes become more prominent in intensity
relative to the intensity of the networked nanotube. Suggesting
that for all isolated nanotubes a threshold value for optimal
detection of 10 ms dwell time is required. This corresponds to a
total frame rate of 9.5 s. Secondly; the SWNT intensity does not
increase continuously. SWNT IV displays a maximum intensity
at a dwell time of 500 ns (2 ms!1), but then decreases in intensity
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Fig. 6 SEM images of seven SWNTs that were acquired at various dwell times:
40 ms (a), 10 ms (b), and 0.5 ms (c). At long instrument dwell times the nanotubes
appear as black but at the rapid dwell time the nanotubes appear much brighter,
thus highlighting the diﬀerence caused by the instrument dwell time in detecting
the presence of isolated SWNTs. All images acquired with frame integration 32"
applied, spot size 7, 30 kV incident beam, 9.6 mm working distance.

at a dwell time of 100 ns (10 ms!1). This suggests that for each
isolated nanotube maximum intensity is reached at specic
dwell times, which could be consistent with the bandgap of that
particular nanotube. The eﬀect of the incident electron beam
creates a highly charged environment and under the appropriate conditions for imaging they can be imaged in a manner
that is inversely proportionally to the dwell time.
The SEM instrument dwell time determines the exposure
time of a point of the sample to the electron beam, such that
long dwell times increase electron count at the detector resulting in increased signal-to-noise ratios. For this reason, and for
most samples, it is advisable to adopt slower scan speeds to
increase image quality. For focusing as opposed to imaging,
shorter dwell times of 1 ms may be used instead because the
image refreshes faster. When focusing, certain tubes were
apparent in the sample, but when imaging at 40 ms, they disappeared from the image. By altering the time scale of the
imaging stage to match that typically used for focusing, nanotubes were successfully imaged that were previously not
collected in the image at a 40 ms dwell time. Image denition is
maintained using recursive imaging such as frame integration

Nanoscale, 2013, 5, 2790–2797 | 2793

Nanoscale

Fig. 7

Illustration of imaging of SWNTs at diﬀerent dwell time.

Fig. 8 Plot of SWNT intensities for SWNTs shown in Fig. 5 as a function of
instrument dwell time, showing the inverse relationship of SWNT intensity with
respect to dwell time. Quicker dwell times have the eﬀect of making the nanotube
more pronounced within the SEM image. Legend is as follows: I ¼ 0.30 mm ( ); II ¼
0.61 mm ( ); III ¼ 0.66 mm ( ); IV ¼ 1.50 mm ( ); V ¼ 1.95 mm ( ); VI ¼ 4.90 mm ( ).
For clarity the data of only the background ( ), network SWNTs ( ) and SWNT III
are shown connected.

of 8! or more. Previously, researchers have reported nding
nanotubes that exhibit a contrast reversal.10,12 We now propose
that in fact those nanotubes that were described as dark, are
actually present, but would be better resolved using shorter
dwell times.
SEM has been used extensively for the characterization of
SWNTs despite the fact the image contrast mechanism is not yet
fully understood or agreed upon, as there are a number of
conicting ideas; such ideas range from contrast imaging,18
although it is not dependent on any time resolved factor, as
such it is not likely to be the mechanism. However, voltage
contrast19 has been shown to have a time dependent factor.
Voltage contrast is caused by diﬀerent potentials being
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generated on a specimen surface at an insulator due to the
eﬀect of charging. In this method negatively biased regions
appear as bright, while positively biased regions are dark. This
is predominantly a surface based phenomena but it can be used
in conjunction with capacitive-coupling voltage contrast to
probe sub surface materials. In this method there is a time
dependent factor that is associated with the charge/discharge
time frame of the material in question. Voltage contrast can also
be used in conjunction with transient mode electron beam
induced current (EBIC), in this technique beam pulsing is used
to determining the relaxation time according to the beam pulse
frequency. In transient mode can use beam pulsing and time
resolved EBIC. An electron beam induced current (EBIC)20,21
signal can be used to see p–n junctions, and crystal defects
below the surface. Is caused by electron–hole pairs that are
created inside a depletion layer. There is a time dependent
factor in that it is aﬀected by the relaxation time, whereby the
lifetime of minority carriers is on the order of 10"10 to 10"6 s. It
can also be used in conjunction with cathodoluminescence to
garner quantitative information. Cathodoluminescence has a
time dependent factor on the order of 10"11 s according to the
decay time frame. It is known to occur for some organic uorescent compounds, but the data is oen qualitative if the
technique is not used in conjunction with other techniques.18
There are other possibilities for the imaging mechanism that
we encounter, but these do not have an intrinsic time dependent factor associated with them that are known of yet. For
example it could arise due to nanotube charging.22 Possibly even
the high energy incident beam helps SWNTs overcome a work
function barrier13 or the intrinsically high aspect ratio SWNTs
are inducing eld emission.23 Regardless of the exact mechanism several chemical and physical factors such as bandgap,
work function,24 and orbital symmetry of both the SWNT and
substrate25 can aﬀect image acquisition. If on one single
nanotube a diﬀerence in work function along the tube can be
detected using SEM25 it should also be possible to see diﬀerences of work function, and hence conductivity, of isolated
nanotubes compared with that of the bulk sample, or compared
with that of the substrate.
Electron depletion on a nanotube surface occurs due to the
electron emission to the detector. The nanotubes in our present
study are exhibiting a time dependent emission that must be
subject to the capacity for that nanotube to dissipate charge.
This additional variation could be due to the identity of the
dielectric, in the present case this would encompass SWNTs
that are actually embedded within the SiO2 matrix versus ones
that are partially embedded on the surface. Traditionally it is
assumed that any equilibrium change depends on the electron
dose versus the discharge rate: the dose being dependent on the
operating parameters (including beam dwell time). The
discharge rate would be expected to be a function of the
diﬀerences in the bandgaps between the SWNT and the matrix.
It is worth considering the reasons why this change in time
dependent emission occurs with diﬀerent SWNTs; one possibility is how metallic or semi-conducting the nanotube is,
namely, what is its bandgap (as determined by SWNT chirality)?
It is reasonable to suggest that the charge/discharge time scale26
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is dependent on the identity of the dielectric and the nanotube.
In the present case with constant dielectric (silica), the specic
properties of each SWNT will determine electron emission,
based on the identity (n,m) of that nanotube. Such a n,m
dependence on dwell time is reasonable to propose since
Vijayaraghavan et al. reported27 that at a constant SEM dwell
time the image intensity of a SWNT subjected to a bias voltage
was dependant on the metallic versus semiconducting nature of
the tube.
Further to the dwell time and the accumulated time, we have
also considered the inuence of nanotube length and depth
within the sample. For those nanotubes in Fig. 6 no direct
correlation between the length of the nanotube and the visibility of the nanotube was found. Individual nanotubes that we
have investigated are typically under 10 mm, as longer tubes
tend to reach the silica surface and will then exhibit enhanced
emission, or they will be long enough to link with the SWNT
network. The nanotube depth within the silica is not possible to
determine using the methods currently employed; such as AFM
and SEM. SOG lm thickness is <200 nm in depth, which is
much smaller than the sampling volume of an SEM operating at
30 kV. For these reasons we do not attribute depth to play a
major role. But we are investigating this matter further since
SEM is a non-linear variable property that is dependent on both
the materials chemical and physical architecture. But as can be
seen in Fig. 6 the nanotubes appear as dark at longer dwell
times, suggesting that they are still detected, so they are not so
deep within the substrate that they are not detected; suggesting
that the change in dwell time is not probing the substrate at
diﬀerent depths, and so it must be another eﬀect that is
occurring (see above). It could be possible that at the longer
dwell times the SOG is becoming highly charged, and as such is
screening the isolated nanotubes, but the appearance of the
tubes as an intensity trough suggests that they are possibly
absorbing electrons from the SOG. Nonetheless, by virtue of the
fact one can make out the tube at diﬀerent dwell times, albeit
very faintly at times, suggests that dwell time is not aﬀecting the
depth of the electron beam.
In the above discussion we have ensured that any comparison made between diﬀerent dwell times is done on images
taken at the same magnication. As may be seen from Fig. 9 this
is an important requirement. For SEM images acquired at high
magnication (Fig. 9a and b) the image is best achieved by
using a high incident electron beam of 30 kV (Fig. 9b), as
opposed to 1.5 kV where the surface of the material becomes
more prominent (Fig. 9a). However at lower magnications
(Fig. 9c and d) the SWNTs are better imaged using an operating
voltage of 1.0 kV (Fig. 9c), whereas an operating voltage of 30 kV
now produces an image that is largely composed of the surface
features of the SOG material (Fig. 9d). In fact at a higher operating voltage (Fig. 9d) the surface appears in sharp relief, as
compared with the rounded edges of the sample surface when
imaged at 1.5 kV (Fig. 9a). As may be seen by comparing Fig. 9a
versus c (or Fig. 9b versus d) low voltage and long dwelling time
are favourable for acquiring low magnication images, and
high voltage with short dwelling time are benecial for high
magnication imaging.
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Fig. 9 SEM images acquired at various magniﬁcations and operating voltages.
Image acquisition: (a) 1.5 kV, 1 ms, spot 4, WD 10.2 mm, 23 519! magniﬁcation,
32! frame integration; (b) 30 kV, 1 ms, spot 7, WD 9.6 mm, 24 588!, 32!; (c)
1.0 kV, 40 ms, spot 4.5, WD 9.8 mm, 1845!, 32!; (d) 30 kV, 20 ms, spot 6, WD
9.7 mm, 2243!, 1!.

In order to best exploit the discreet charge/discharge time
frames for individual tubes a high magnication is required, it
can be viewed using a lower magnication but the eﬀect is more
slight. We have found that for imaging at a magnication on the
order 10 000! requires a high operating voltage (30 kV) to see
the SWNTs clearly, but at lower magnications of 1000! the
SWNTs are better resolved with a lower operating voltage such
as 1.0 kV. To focus SWNTs one must overcome the competitive
interaction between the emission of secondary electrons
between the SWNTs and that of the SOG material. To get the
maximum intensity from the SWNT one must nd the adequate
imaging conditions to reach the cross over point for the SWNT
such that they emit great volume of secondary electrons
compared with that of the matrix material (SOG).
Thus, the cross over point for the SWNT/SOG material is
dependent on not just the incident electron beam, but also of
the operating parameters. In Fig. 9d no SWNT are evident as the
SOG is emitting far more electrons as compared with SWNTs, in
eﬀect the SOG is shielding the SWNTs, and as such they cannot
be seen. In this way the SOG material acts as a dielectric shield
about the SWNTs, it acts a charge screen.
Finally, so as to demonstrate that the eﬀects described
herein are not a function of sample orientation or scan rotation,
Fig. 10a–d shows 4 images taken with the same dwell time (1 ms)
at 90" orientations. From Fig. 10 it can be seen that there is only
slight variation as a function of scan rotation. We note that in
Fig. 10b there is a blemish at the le hand side of the SWNT,
this occurs as a result of charging from a large particle that is
acting as an electron scattering centre. When the raster scans
over the particle prior to the SWNT the electron density is
altered about that area. See ESI‡ for an image of the scattering
centre. When the scattering centre is in the line of the raster,
and is struck by the electron beam prior to the SWNT it has the
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state of an SWNT depends on whether the SWNT is metallic or
semiconducting, and thus, the diﬀerence in the response to the
dwell time can be caused by the intrinsic properties of SWNT.
We propose that this eﬀect may therefore be used to diﬀerentiate metallic and semiconducting SWNTs.
Furthermore, researchers should be cautioned that if SWNTs
present within a dielectric matrix are of insuﬃcient length that
they do not interact with neighbouring SWNTs, variable dwell
time imaging is required. This will be particularly important for
future SWNT containing device structures.28

Acknowledgements
Fig. 10 SEM images of area acquired under variable raster scan directions, and
dwell times, such that each image is orthogonal to one another starting with
regular imaging conditions (a) and alternating 90 degrees. Image acquired at 1 ms
dwell time, 32! frame integration applied; 30 kV acceleration voltage, with spot
size 7 at working distance of 10 mm, using a 10 000! magniﬁcation. The scan
orientation tracks from left to right (a), bottom to top (b), right to left (c), and top
to bottom (d).

eﬀect of masking the SWNT and the SWNT is less evident
(Fig. 10a), however when the particle is close by, but not struck
prior to the SWNT the enhanced build up of charge can create
an eﬀect to make the SWNT more prominent by virtue of a
darker background, whereby the background is darker because
the scattering centre is absorbing and re-emitting the electrons
from the surrounding area. In this way it causes a deviation in
the path of the electrons back to the detector that eﬀectively
causes the background to appear darker. We note that the
change in image delity is altered slightly by the scan direction
with respect to the sample, however there is still a more
profound diﬀerence according to the dwell time, whereby the
longer dwell time of 10 ms show the SWNTs to be less visible (see
ESI‡).

4

Conclusions

The initial goal of our study was to use SEM to characterize the
growth of SWNTs using various catalysts;7,8 in particular to
quantify and compare the eﬃcacy of diﬀerent catalyst and
growth conditions. The present study suggests that caution
should be used when SEM is employed for the quantication of
SWNTs in the presences of a dielectric without the use of variable dwell times. In other words, researchers should be
cautioned that in order to obtain an accurate quantication of
SWNTs on (and within) a substrate it is important to collect
images with variable dwell times, because shorter individual
tubes may not be accounted for unless variable dwell time
studies are performed. This is particularly true where diﬀerent
nanotubes in the same samples appear with variable contrast.
Isolated nanotubes not connected to a network were found to
exhibit a variable time dependent factor, as evidenced by the
diﬀering dwell time required for each specic tube to be fully
imaged. We also note that the number of electrons or charging
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Quantification using scanning electron microscopy (SEM) of single walled carbon
nanotubes (SWNTs) grown per unit area using a Co-Fe (50:50) catalyst system,
prepared by the incorporation of the appropriate metal salts into a Spin-On Glass
substrate, at 900" C. The effects of substrate, as well as catalyst precursor concentration, were investigated. SWNT growth density is maximised with a catalyst precursor concentration of #2.5 mM, associated with the formation of catalyst
nanoparticles of a critical size for SWNT nucleation. Samples were subjected to
secondary growth, using a range of H2:CH4 ratios to determine the optimum precursor composition. It was found that nucleation and growth stages are optimal
under different conditions. Optimum conditions for nucleation resulted in >10$
increase in SWNT density. Optimisation is dependent on temperature and the
partial pressure of reagent gas species.
Keywords: carbon nanotube; nucleation; precursor; growth

1. Introduction
The growth of single walled carbon nanotubes (SWNTs) from a hydrocarbon source in
the presence of a metal nanoparticle catalyst has been extensively studied. The majority
of research has been concentrated on iron catalysts, formed from the reduction of
preformed iron oxide nanoparticles [1] or the in-situ formation of nanoparticles from
iron salts or iron compounds.[2] In an effort to create better catalysts, studies have
extended to cobalt [3] and nickel [4,5] containing pro-catalysts (precursor to the
actual metallic catalyst particle), as well as bi-metallic [2,6] and ternary phase metallic
derivatives.[7]
For any particular catalyst composition there are four distinct stages that may be considered in the successful growth of a carbon nanotube. First, there is the activation of the
pro-catalyst to form a reactive catalyst. This ordinarily involves the chemical (hydrogen)
reduction of the oxide pro-catalyst to the metallic state. This reaction provides a particle
onto which the hydrocarbon precursor can decompose. The generation of sufficient carbon
leads to the second step which involves the nucleation of a carbon nanotube. At this point,
once nucleation occurs, the further addition of carbon results in SWNT growth, the third
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step. The final possible phase involves the death of the catalyst through contamination [8],
Ostwald ripening [9], etc. The need to ensure that steps 1 to 3 occur for the maximum number of catalyst particles is nowhere more important than for our concept of SWNT amplification [10,11]: the process wherein a pro-catalyst particle is attached to a specific chirality
SWNT [12,13] then exposed to growth conditions that extend the length (and hence quantity) of that particular SWNT.
We have previously reported the preference for those steps, 1 through 3, as a function
of catalyst composition [2]. For example, under identical growth conditions (temperature,
pressure and feedstock composition) cobalt catalysts show a greater propensity for nucleation (i.e. more SWNT per catalyst particles) than the iron analogue, but show slower
growth rates (i.e. shorter SWNTs). A consideration of this result with literature data shows
that comparisons of different catalysts tend to be studied under substantially similar conditions. As such, this observation begs the question as to whether it is actually valid to
compare different catalysts under the same reaction conditions? After all, the relative
efficacy [14] of each catalyst towards activation, through a reduction step, and then
SWNT growth, is unlikely to be the same for all metals or catalyst types. Given this issue,
is there a simple method to generate an optimum activation map for SWNT growth from
metal nanoparticle catalysts?
We have previously shown that the use of metal salt (or metal oxide nanoparticle)
doped Spin-On Glass thin films provides a suitable substrate and catalyst concentration
for the quantitative growth of SWNTs.[2] Mixtures of appropriate metal precursor salts
are prepared with suitable concentrations and dissolved in a Spin-On Glass precursor solution. We have shown [2] that under thermolytic reduction of the metal salts results in the
in-situ formation of metal catalyst nanoparticles. Given that a minimal (critical) size
for the catalyst nanoparticle is required for nucleation of a SWNT, we are interested in
determining what is the critical concentration for the precursor salt. Furthermore, we are
interested in whether the identity of the substrate onto which the metal-doped Spin-On
Glass is placed effects SWNT growth.
We have reported that under the growth conditions studied, only a fraction of the procatalyst particles are active but subsequent (secondary) growth occurs if the sample is reintroduced into the growth chamber after analysis.[15] The goal of the present study is to
determine the optimum nucleation conditions for a particular catalyst composition as a
function of the feedstock composition, i.e. H2:CH4 ratio. We propose to use this method
to initiate a catalyst ‘map’ or activation landscape for quantifying SWNT growth. In our
previous work we have shown that for iron-cobalt mixed metal catalyst, with a H2:CH4
feedstock ratio of 50:50 and a reaction temperature of 900! C, nucleation and growth are
dependent on the catalyst composition.[2] Under these growth conditions, a large number
of the catalysts are active for cobalt, such that re-introduction of the SWNT/catalyst sample into the growth chamber does not result in significant number of secondary SWNT
growth. At the other end of the composition spectrum (pure iron), only a few of the catalysts are active during each subsequent growth run. Thus, we have chosen Fe-Co catalyst
with a 50:50 composition, since this ratio should show sufficient initial growth to provide a
baseline, but also have sufficient catalysts that can be activated during secondary growth
runs. Thus the system allows for the ready optimisation of reaction conditions to determine the percentage of nucleation and growth such that the percentage of active catalysts
can be increased.
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2.1. Materials
Iron nitrate [Fe(NO3)3!9(H2O), Sigma Aldrich], cobalt nitrate [Co(NO3)2!6(H2O), Sigma
Aldrich] and the Spin-On Glass solution (Honeywell Electronic Materials, Spin-On Glass
111) were used without further purification. H2 (99.999%), CH4 (UHP grade), argon
(99.999%) were purchased from Matheson TRIGAS and used without further drying.
RCA-1 solution was prepared using H2O2 (10 mL, 30% solution from EMD), NH4OH
(10 mL, Fisher Scientific), and DI water (50 mL).[16]

2.2. SWNT growth
In a general experiment, growth samples were prepared using 2.5 mM iron nitrate, and
2.5 mM cobalt nitrate, in a Spin-On Glass solution. N-type silica substrates were cut to
approximately 1 cm2 then cleaned using the RCA-1 technique. With a plastic Pasteur
pipette, two drops of metal containing Spin-On Glass (SOG) solution was added to the
substrate, and then spin-dried for 40 seconds at 2000 rpm. Growth of nanotubes is performed immediately thereafter by placing samples into a horizontal tube furnace
(Lindberg) enclosed in a quartz tube and brought to 900" C under a constant flow of
argon (500 sccm), monitored using a flow meter (Unit Instruments URS-100-5). After
30 minutes, H2 (225 sccm) and CH4 (225 sccm) were released into the chamber upon the
cessation of Ar flow. After 15 minutes of growth under these conditions, the Ar was then
returned to flowing and the CH4 and H2 were switched off, allowing the samples to cool
rapidly to room temperature. This is the method by which the control was made. In the
secondary growth runs, the pressure of methane and hydrogen had a combined flow rate
of 500 sccm.

2.3. Variation of catalyst precursor concentration
Samples of varying metal concentration were prepared by successive dilution of a 5 mM
metal solution. To make a 5 mM solution, 2.5 mM iron nitrate and 2.5 mM cobalt nitrate
were dissolved in 20 mL of a Spin-On Glass solution. The 5 mM solution (0.5 mL) was
then dissolved in ratios of 1:1, 1:2, 1:3 and 1:4 such that one part of the 5 mM solution
was diluted with two parts Spin-On Glass and so forth. Each solution was then sonicated
for a period of 20 seconds to ensure complete solvation. These solutions were then used to
carry out SWNT growth on N-type silica substrates as described above.

2.4. Variation of substrate
To determine the effect of substrate three substrates were used, one of silicon with a native
oxide layer and one of silicon with a 100 mm layer of alumina. Each substrate was made
into pieces of 1 cm2 and etched with a scribe to mark out the substrate, and were then
treated according to the RCA-1 technique. Following from this, two drops of 5 mM metal
solution was applied and then the samples were spin dried for 40 seconds at 2000 rpm.
Growth of nanotubes was then carried out immediately as described above.
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2.5. Characterisation
Scanning electron microscopy (SEM) was carried out using FEI Quanta 400 in HiVac
mode with a typical operating voltage between 20 and 30 kV, working distance of 10 mm,
aperture 5, spot size 3, with the incident beam perpendicular to the substrate. Data were
then accrued from SEM images using ImageJ [17] by tracing nanotubes using a freehand
line tool. Substrates were physically marked at the cardinal points with a scribe to navigate
back to specific locations for subsequent imaging. The images were acquired from the central zone of the substrate, thus negating differences in growth that could occur across a
substrate due to temperature gradients at the edges, for example. Nanoparticle and SWNT
diameters were determined using Digital Instrument Nanoscope IIIA Atomic force microscope (Veeco), using non-contact mode. Atomic force microscopy (AFM) tips used were
acquired from K-TEK Nanotechnology (TETRA15/Au).

3. Results and discussion
During all growth runs, the size of the nanoparticle catalysts was determined to be of mean
diameter ¼ 5 nm (sigma 1.8 nm). The diameter of the as grown carbon nanotubes was
found to be between 1.5 and 3.5 nm. The nanoparticle surface coverage of (np/mm2) and
SWNT surface coverage (SWNT/mm2) were both found using AFM. Nanotube lengths
varied from several tens of nanometers to several hundreds of microns in length. SWNT
quantification per unit area was obtained from SEM images using ImageJ [17].

3.1. Effect of catalyst precursor concentration
Samples of varying metal concentration were prepared by successive dilution of a 5 mM
standard metal salt solution. These were incorporated into the Spin-On Glass solution (see
Experimental) and used for the growth of SWNTs at 900" C for 30 minutes with a 50:50 H2
(225 sccm) and CH4 (225 sccm) ratio.
Selected SEM images are shown in Figure 1, and a plot of the SWNT density as a function of the metal salt precursor concentration is shown in Figure 2. As may be seen from
Figure 2, there is a concentration below which only a few SWNTs are observed. This
would suggest that below 2.5 mM there are not sufficient metal atoms per unit volume to
create a metal nanoparticle of sufficient size to act as a catalyst for the nucleation of a
SWNT when exposed to growth gas (H2 and CH4). Previously, it has been suggested that
for iron catalysts the critical number of metal atoms to create an active catalyst is 55.[18]
Using a 1.65 mM concentration of metal in the Spin-On Glass solution results in approximately 993 atoms per nm3 (i.e. ca. 2% by volume) of dried fired Spin-On Glass. This would
result in enough atoms to form multiple catalyst particles, but since only minimal SWNT
growth is observed at this concentration, it suggests that diffusion of the metal atoms
through the silica (formed from the thermolysis of the Spin-On Glass) is actually limited.
Above the critical concentration (ca. 2.5 mM), which correlates to ca. 2% by volume, there
is presumably a high enough localised concentration of metal atoms to create sufficient
nanoparticles (of at least 55 atoms) to nucleate nanotube growth. Above this concentration, the growth appears to be relatively uniform suggesting that while additional nanoparticle clusters are formed per unit volume, the number of nucleation events is not linearly
related.
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Figure 1. SEM images of SWNTs grown at 900! C from a Fe-Co (50:50) catalyst, and H2:CH4 of
50:50, with the following catalyst concentrations: (a) 1 mM, (b) 1.25 mM, (c) 1.65 and (d) 2.5 mM.
Scale bar ¼ 5 mm.

Figure 2. Plot of the SWNT density (SWNT/mm2) as a function of the total metal salt (Fe-Co)
precursor concentration (mM).
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Figure 3. Schematic representation of the different substrates used for the metal doped Spin-On
Glass.

3.2. Effect of substrate
While the concept of the Spin-On Glass catalyst system is that the catalyst nanoparticles
are formed in bulk and on the surface of the silica formed from the thermolysis of the
metal doped Spin-On Glass, we were interested in determining if the substrate makes any
difference in the SWNT yield. In this regard, we prepared two different substrates. The
first involved the deposition of the metal-doped Spin-On Glass onto the native oxide of
the silicon wafer substrate (Figure 3a). For the second, a 100 mm layer of alumina was
deposited on the silicon wafer (Figure 3b). As may be seen from Figure 4, there is essentially no difference between the SWNT yield suggesting that with a thick enough film of
Spin-On Glass derived silica no significant effect on SWNT growth according to the substrate. This may be important for scaled production of SWNTs via surface growth if the
substrate can be recycled.

3.3. Effect of reagent composition
The SEM images in Figure 5 show a typical example of the results from the first and second growth runs when using H2:CH4 50:50 at 900! C. As may be seen from Figure 5b, the
yield after the second growth (new SWNT nucleation) is such that additional catalyst particles were active during the second growth but were dormant in the first growth run.

Figure 4. SEM images of SWNT growth (H2:CH4 of 50:50 at 900! C) from metal-doped Spin-On
Glass on (a) native silicon oxide and (b) alumina. Scale bars equal to 5 mm.
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Figure 5. SEM images of SWNT growth showing the results from (a) the first growth and (b) the
second growth run. Both were run under the conditions H2:CH4 of 50:50 at 900! C. Scale bars equal
to 2.5 mm.

An AFM image of a sample after the first growth (Figure 6) shows that in addition to
the SWNTs there are large numbers of nanoparticles forming from the metal salts in-situ
within the Spin-On Glass substrate. This suggests that the secondary growth is not due to
the formation of new nanoparticles (after the initial analysis) during the second growth
run. Thus, we propose that the nanoparticles are formed during the initial use of the metaldoped Spin-On Glass. In addition, we propose that the new SWNTs formed during the
second growth runs, grow from some of these dormant nanoparticle pro-catalysts.
Increasing the hydrocarbon concentration in the feed gas results in a higher number of
catalyst particles being active towards the growth of SWNTs. For example, as may be seen
from Figure 7 in comparison to Figure 5, secondary growth with a H2:CH4 ratio of 40:60

Figure 6. AFM image of SWNT growth using Fe-Co catalyst (50:50) under the conditions of
H2:CH4 (50:50) at 900! C. Scale bar equal to 2.5 mm.
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Figure 7. SEM images of SWNT growth showing results from (a) first growth using H2:CH4 of
50:50 and (b) secondary growth from H2:CH4 of 40:60. Scale bar 2.5 mm.

shows significantly more new SWNTs (i.e. new nucleation and growth) despite the same
number of pro-catalyst nanoparticles. However, once the methane concentration is above
60% there is a decrease in the SWNT yield. This observation is consistent with carbon poisoning of the catalyst [16] through the formation of a carbon crust. An alternative explanation is that there is insufficient hydrogen partial pressure to reduce the metal oxide (formed
by the exposure of the metal catalyst to the atmosphere during interim analysis), in other
words, the pro-catalyst oxide is not converted to the metal particle catalyst.
From a comparison of the primary and the secondary growths, the relative nucleation
and growth efficiency can be quantified as a function of the feedstock composition (CH4:
H2 ratio). The results of this study are shown in Figure 8. The yield of nucleated SWNTs is
defined as the ratio of the number of SWNTs after the second growth (using a defined

Figure 8. Plot of the number of SWNTs grown (yield) from the second growth (compared to the first
growth) as a function of hydrocarbon content as defined by the partial pressure of methane.

Journal of Experimental Nanoscience

9

H2:CH4 ratio @ 900! C) versus the number of SWNTs after the first growth (using 50:50
H2:CH4 ratio @ 900! C) with both measured over the same exact area, i.e. Equation (1).
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Yield nucleated SWNTs ¼

Number of SWNTs run #2
:
Number of SWNTs run #1

ð1Þ

The plot in Figure 8 suggests that there is actually a narrow range in which the maximum numbers of pro-catalyst particles are activated, nucleate and grow SWNTs. It is also
interesting to note that the 40:60 H2:CH4 ratio is different from the 50:50 ratios that
appear to provide an optimum rate for pure cobalt catalysts.[2]
From previous work [15] we have found that amplification (increasing the length of a
pre-existing SWNT through catalytic growth) was best achieved under conditions of 20:80
H2:CH4, which is sub-optimum for nucleation of new SWNTs. Under this condition,
amplification could be achieved for up to 90% of pre-existing SWNTs that showed
activity.[15] However, attempts to maximise amplification by lengthening of the consequent growth runs yielded results in a high number of newly nucleated SWNTs (Figure 5).
Even though the conditions were found to be optimal for amplification, a great deal of
SWNT nucleation had occurred too which is undesirable when the goal is to solely amplify
the SWNTs instead of nucleating new ones.
The implication of this result is that the comparison of different catalyst compositions
by growth under identical conditions is not justified or appropriate. This is particularly evident from the difference in SWNT yield of a factor of almost 10 between optimum and offset conditions. Instead of a direct comparison others and we have previously employed, we
propose that it is necessary to ‘map’ the activity (SWNT yield) for each catalyst as a function of feedstock composition. This may also be necessary for other parameters such as
temperature [15] and pressure, and is undoubtedly true for feedstock choice (e.g. CH4 versus C2H2). Only when a suitable activity map is generated can the relative activity of different catalysts be compared. The advantage of the present ‘secondary-growth’ method is
that it provides a quantitative comparison between new conditions and standard conditions that can be easily replicated. We are presently undertaking the mapping of a range of
catalyst compositions under conditions of growth at 900! C with CH4/H2 to determine the
optimum feedstock ratio in a variety of catalyst composition.

4. Conclusions
No approach to SWNT growth to date produces only metallic nanotubes with a yield sufficient for industrial use. As a remedy to this, we have proposed to amplify the lengths of
metallic type SWNTs.[10,11,15] Within this scenario, the nucleation of new SWNTs,
invariably of a random chirality, is detrimental to our end goal of producing a large-scale
wire of metal-only nanotubes. As such, it is of practical importance to understand the
dynamics of SWNT nucleation such that it can be avoided when attempting to amplify a
batch of chirality specific SWNTs. To this end, we propose our method to determine a catalyst activity map to serve as a practical approach for optimising a high throughput of
exclusively amplified, and hence, metallic nanotubes. In this work, we find that for the FeCo (50:50) system, nucleation is best achieved at a H2:CH4 ratio of 40:60, as evidenced by
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>10! increase in the number of SWNTs. If this catalyst composition is to be used for
large-scale amplification then these conditions, that favour nucleation, must be avoided to
prevent contamination of amplified samples with new SWNTs of varying chirality.
While the present study is aimed at the specific Fe:Co catalyst system, the methodology
and results are applicable to broader catalyst systems. In particular, this work provides an
outline of the experimental parameters to be refined in optimising the growth of
SWNTs from catalyst particles. Since the efficiency of nucleation (i.e. the number of catalyst particles that grow a nanotube) is directly related to the yield of nanotubes, an understanding of the experimental parameters will help improve the yield in bulk synthesis of
nanotubes.
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Single walled carbon nanotube growth and chirality
dependence on catalyst composition†‡
Alvin W. Orbaek,a Andrew C. Owens,a Christopher C. Crouse,a Cary L. Pint,a
Robert H. Haugeab and Andrew R. Barron*acd
Vertical arrays of single walled carbon nanotubes (VA-SWNTs) were grown using bi-metallic nanoparticle
pro-catalysts. Iron oxide particles were doped with varying quantities of ﬁrst row transition metals (Mn, Co,
Ni, and Cu) for a comparative study of the growth of nanotubes. VA-CNT samples were veriﬁed using
scanning electron microscopy, and characterized using resonance Raman spectroscopy. The length of
the VA-CNTs is used as a measure of catalyst activity: the presence of dopants results in a change in the
CNT length and length distribution. Cross correlation of the Raman spectra reveal variations in the
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distribution of radial breathing mode peaks according to the pro-catalyst composition. The formation of
various chirality nanotubes is constant between repetitive runs with a particular catalyst, but may be
controlled by the identity and concentration of the metal dopants within the iron catalyst. These results
demonstrate that the composition of the catalyst is a major driving force toward type selective growth
of nanotubes.

Introduction

The growth of carbon nanotubes (CNTs) in general and single
walled carbon nanotubes (SWNTs) in particular is most
commonly achieved from a carbon source (usually hydrocarbon) using a catalyst.1,2 Unfortunately, this synthetic route
produces samples comprising of a mixture of diﬀerent chiralities.3 Since many of the future applications for SWNTs will
require individual chirality tubes being used, there has been
increasing eﬀort towards separation of the myriad of diﬀerent
structures. Initial separation protocols concentrated in just
separating metallic (conducting) and semiconductor tubes.4
More recently, there has been success in separating SWNTs
according to their diameter.5,6 The ultimate goal is the isolation
of individual chiralities (as measured by their n,m value), and
initial eﬀorts have focused on the use of DNA as a specic
complexing agent.7,8 However, at best separation is performed
on a much smaller scale compared to growth, which can now be
performed on large scale.1,9 As an alternative to separation, it
would be desirable to enable the preferential synthesis of
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particular SWNT structures; several methods have been reported, including: the fusing of C60 trapped within a large nanotube,10 the addition of nitrogen during growth of multi walled
carbon nanotubes (MWNTs),11 and most elegantly stepwise
organic synthesis.12 While more recent eﬀorts have focused on
the use of seeds for subsequent growth,13,14 there has been a
one-oﬀ report of the growth of specic type of SWNT through
the reaction conditions,15 while the use of a Co supported
catalyst has been reported to produce a narrow (n, m) distribution.16 Finally, we have reported that preformed SWNTs can
be elongated by the attachment of a catalyst and subsequent
growth (amplication); however, in order for particular chiralities to be produced suitable seeds need to be seperated.17–20
SWNTs have been grown using various metals, including:
Fe,21–23 Co,24 Mn,25 Cu,26 and Ni.27 The use of mixed metal
catalysts has also been explored trying to expand the range of
catalysts.28 It would be desirable if a specic catalyst could be
used to grow either a specic chirality and or a minimum range
of chiralities that could be more easily separated. There has
been theoretical work that suggests that it should be possible to
grow particular chirality (or group of chiralities) from a catalyst;29 however, this has not been reduced to experimental
practice as yet. Although some selectivity has been observed
with designed catalysts,30 and the eﬀects of various catalyst
compositions on chirality/diameter control have been investigated. As part of our study in this area, we have employed
Raman spectroscopy to determine the presence of particular
SWNT chiralities for samples grown from various catalysts. For
simplicity we have employed iron oxide nanoparticles (Fe–O
NPs) as the base pro-catalyst, and prepared a range of doped
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nanoparticles (M–Fe–O NPs).31,32 We have previously reported
the use of Co–Fe–O nanoparticles as pro-catalysts,32 while Cu–Fe
nanoparticles have also been used.33 Our studies using Mn, Co,
Ni, and Cu-doped Fe oxide nanoparticles are reported herein as
a comparison of the eﬀects of the rst row transition metals.
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Experimental details

Fe(acac)3, Ni(acac)2, Cu(acac)2, were purchased from SigmaAldrich and used as received. Co(acac)2, Mn(acac)2 were
purchased from Alfa Aeser and used as received. Oleic acid
[90%], oleylamine [>70%], 1,2-hexadecanediol [90%], benzyl
ether [98%], and hexanes (mixture of isomers) were all
purchased from Sigma-Aldrich and used as received. Ethanol
(200 proof) from Decon Laboratories Inc. was used as received.
Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) measurements were acquired using a Perkin Elmer
Optima 4300DV. Preparation of samples was achieved by
digesting 0.5 mL concentrated nanoparticle solution with
concentrated HNO3 (9.5 mL). Then 0.5 mL of the digested
solution was diluted into 9.5 mL of nanopure water. ICP standards used as calibration were obtained from Inorganic
Ventures. Emission wavelength overlap was avoided by determining Fe content individually. Size determination of the
nanoparticles was achieved by small angle X-ray scattering
(SAXS) using a Rigaku SmartLab X-ray diﬀractometer using a
Cu-Ka radiation source. Samples were prepared by sealing 1 mm
“Glass Number 50 Capillary” tube (Hampton Research Inc) with
concentrated nanoparticle solutions in hexanes and the data
was resolved using Rigaku's NANO-solver.
Scanning electron microscopy was carried out using an FEI
Quanta 400 SEM. Samples were aﬃxed to alumina SEM stubs
using double-sided carbon tape. A typical operating condition
was 30 kV incident voltage, HiVac mode, working distance of
10 mm, using a spot size 3, and an aperture of 5.
Transmission electron microscopy was carried out in a JEOL
2100 Field Emission Gun Transmission Electron Microscope
(JEM 2100F TEM), operating at 200 kV, condenser aperture 2,
spot size 2, alpha angle 3. Samples were placed atop copper
grids with a 400 mesh, ultra thin carbon layer (Ted Pella, Inc.
part number 01824). Nanoparticle samples were drop dried
onto grids that were suspended using anti-capillary tweezers
(Ted Pella, Inc. product number 510-4). Nanotube samples were
prepared by brushing the TEM grid against the SWNT carpet.
2.1

Nanoparticle synthesis

Nanoparticle synthesis was carried out in an analogous manner
to that previously reported.32,34 Using a 100 mL 3 neck roundbottomed ask metal acetylacetonate (0.75 mmol), 1,2-hexadecanediol (1.5 mmol), oleic acid (0.95 mL, 3 mmol), oleyl amine
(0.98 mL, 3 mmol), and benzyl ether (37.5 mL) are stirred, then
brought to reux for 15 minutes, then cooled to room temperature. The reaction is precipitated in a polar solvent EtOH, and
then centrifuged for 5 min at 4400 rpm. The resulting pellet that
precipitated was made soluble in hexanes (10 mL). Table 1
summarizes the various compositions used in the synthesis.
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Summary of metal precursor composition for binary oxide nanoparticles

Sample

Fe(acac)3
(mmol)

M(acac)x
(mmol)

1,2-HDD
(mmol)

Oleic acid
(mmol)

Oleyl amine
(mmol)

l-Mn–Fe–O
h-Mn–Fe–O
Fe–O
l-Co–Fe–O
h-Co–Fe–O
l-Ni–Fe–O
h-Ni–Fe–O
l-Cu–Fe–O
h-Cu–Fe–O

0.5
0.225
0.75
0.7125
0.5
0.7125
0.5
0.5
0.45

0.25
0.525
0
0.0375
0.25
0.0375
0.25
0.25
0.3

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

3
3
3
3
3
3
3
3
3

3
3
3
3
3
3
3
3
3

2.2

VA-SWNT growth

Growth of the VA-SWNT was achieved using a nanoparticle
solution (ca. 1 mL) diluted in hexanes (ca. 15 mL), yielding a
solution that is yellow in colour. It was added drop-wise to
pieces (1 cm2) of an n-type silicon wafer with a 1 mm layer of
amorphous alumina. The sample was spin dried at 2000 rpm
for a period of 40 seconds to form an even layer of nanoparticles
across the substrate. The growth of nanotubes was achieved
using hot lament chemical vapour deposition (CVD) in a
water-assisted, or “super-growth” method.35 The sample
undergoes rapid insertion into a pre-heated furnace (750 ! C)
held at 1.4 Torr under ow of H2 (400 sccm), H2O (2 sccm), and
C2H2 (2 sccm). Reduction of the metal oxide pro-catalyst occurs
rapidly in the presence of atomic hydrogen, produced by the hot
lament (ca. 45 W power output) during the rst 30 seconds of
exposure. The duration of growth is xed at 15 minutes
following catalyst reduction.
2.3

Raman characterisation of VA-SWNTs

Raman spectroscopy was carried out on a Renishaw inVia Raman
Microscope using three laser lines for characterization; these
were 514 nm (2.41 eV), 633 nm (1.96 eV), and 785 nm (1.58 eV).
To maximize the Raman signal a continuous scan was carried
out of the G peak ("1600 cm#1), while the focus of the beam was
altered to maximize the G peak intensity. When the maximal
intensity was found, data was acquired using an integration of
10 accumulations at a power of 10%, with cosmic ray background removal applied. Each sample was probed a number of
times at a variety of locations, to acquire data that represented
the entirety of the sample. Raman data was acquired for a range
of wavenumbers ranging from 100–3300 cm#1.
For each sample, Raman spectroscopy data for wavenumber
between 100 and 350 cm#1 were plotted (using OriginPro 8.1).
The Peak Analyzer function was used to t peaks to the data so
as to determine the area under each peak. To begin, a userdened baseline was chosen (with linear interpolation between
points) and subtracted from the data. Peaks were then manually
identied and selected, and the program used to perform a t.
Though the peak occurring at ca. 305 cm#1 ($2 cm#1) is most
likely the result of the Si substrate and not a CNT,36 it is
included in the t. Lorentzian peak functions were used with
the peaks; under the following constraints: width between 2 and

Nanoscale, 2013, 5, 9848–9859 | 9849

View Article Online

Published on 14 August 2013. Downloaded by Rice University on 22/11/2013 21:54:15.

Nanoscale

Paper

15 wavenumbers, area greater than 0, and the center location
xed. The function was t to convergence (max. 100 iterations,
tolerance 0.05); the program returned the peak index, the
wavenumber of the centre location, and the area under the
peak, as well as reduced Chi-square and adjusted R-square value
for the t. This procedure was repeated for over 200 data sets. It
is important to note that multiple runs were undertaken for
each pro-catalyst composition and the reproducibility of the
data conrmed. Table S2‡ shows the number of independent
growth runs for each composition of pro-catalyst.
Once peak locations and areas were determined for each
sample, data corresponding to each metal and concentration
were compiled into one spread-sheet. To do this each data set
was rst normalized to the highest peak value, with the exception of the peak at !303 cm"1 as this arose from the Si substrate
and not a nanotube. All the normalized data from the 785 nm
laser line were corrected for the 303 cm"1 peaks, only the data
from the 785 nm laser had to be corrected for this. Either the
silicon peak of 303 cm"1 has a higher coherence with the incident laser or the nanotubes have a much lower resonance with
the 785 nm in general. When the values are normalized for each
Raman data set it serves to normalize the data across all
samples, to remove diﬀerences that could occur due to experimental variation. Variation in the peak intensities can arise due
to de-focusing of the sample with respect to the optical focal
plane of the incident laser. By normalizing the raw data variation in intensity are normalized across all samples.
The values were then normalized again to the highest peak
and used for comparison. In order to facilitate comparison
across data sets, the data were plotted in three stacked line
graphs (one for each excitation energy, with each layer representing a specic metal and concentration) displaying the area
corresponding to each wavenumber. An upper x-axis was added
to display the approximate tube diameter (in nm) based upon
eqn (1).37
SWNTdiam ¼ 227/uRBM (cm"1)

3

(1)

metal type and the concentration also. One sample was chosen
with a low concentration (<10%) of the second metal, the
second sample has a much higher concentration of the second
metal (ca. 30%). For simplicity, these pro-catalyst samples are
given the abbreviation l-M–Fe–O and h-M–Fe–O, respectively,
while the resulting catalyst, aer reduction using atomic
hydrogen, are dened as l-M–Fe and h-M–Fe.
In a comparison of the eﬀects of catalyst composition it is
important to attempt divorce any chemical properties (composition) from those of the particle size of the nanoparticle procatalyst and the subsequent catalyst. With regard to changes in
particle size as a function of dopant level (i.e., l-M–Fe–O versus
h-M–Fe–O) we have previously shown that for Mn–Fe–O and Co–
Fe–O there is no signicant variation with composition.34 In the
case of Cu–Fe–O an increase in particle size is observed above a
Cu : Fe ratio of 2 (i.e., 60% Cu), but since the Cu : Fe ratio for
h-Cu–Fe–O (0.31 h 24% Cu) is signicantly lower, this is not an
issue. Nanoparticle size can play an important role with respect
to the lengths of nanotubes that are produced, whereby smaller
nanoparticle catalysts have been found to grow longer SWNTs
than larger diameter catalysts under identical conditions.38
As may be seen from Fig. 1 the average sizes of the various
pro-catalyst nanoparticles vary between 5 and 8 nm; however,
the range is within particle size distribution. Furthermore, we
have previously shown that there is no variation in the diameters of SWNTs grown from iron oxide nanoparticle catalysts over
the range of 2–9 nm.23 In addition, as it is generally assumed
that the metal oxide pro-catalyst particle is reduced in situ to
form a metal catalyst particle, then the size of the particles is
reduced to approximately 1/3 of the original volume. Thus,
upon reduction the diﬀerences in size of the pro-catalyst
particles are reduced further. We propose that for the present
study the small variation in the nanoparticle pro-catalyst size
should not critically impact diﬀerences in the diameter of
SWNTs grown.
Formation of the VA-SWNTs occurs from tightly packed
layers of nanoparticle catalysts across the substrate (see Experimental). Nanotube growth was preferred in a vertical arrangement to avoid direct interactions between the tubes and the

Results and discussion

Since iron catalyst nanoparticles (formed by the in-situ reduction of iron oxide nanoparticles) are commonly used for SWNT
growth we have chosen iron as the base catalyst. In determining
the eﬀect of the catalyst composition, we have chosen to study a
series of bimetallic iron based catalysts incorporating manganese, cobalt, nickel and copper. The choice of the cobalt and
nickel was based upon our prior work comparing the eﬀect of
these metals on the growth rate and growth yield for SWNTs.19
The addition of manganese and copper also allows for the
comparison of metals across the rst row transition series.
For simplicity, and given vagaries of the metal oxidation
states, the diﬀerent compositions have been assigned the
acronym of M–Fe–O for the oxide nanoparticle pro-catalyst, and
M–Fe for the reduced catalyst particle. In each case M denotes
the dopant metal. For each of the dopant metals two concentrations were investigated to determine the eﬀect of both the
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Fig. 1 Plot of particle size, and distribution, as determined by SAXS for the
various pro-catalyst compositions.
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Fig. 2 Typical SEM image of forest height achieved from using Fe–O pro-catalyst
nanoparticles.

Fig. 3

HRTEM images of SWNTs produced from Fe–O pro-catalyst nanoparticles.

substrate that would alter or hinder the rate of growth of the
nanotubes. Vertical growth also gives a high density of nanotubes. From our preliminary studies it was evident that a certain
critical density of nanoparticle pro-catalyst are required in order
for the growth of carpets to be achieved.20 Below this critical
surface coverage only certain portions of the substrate acquire
vertically aligned pillars, or none at all, in which case horizontal
growth along the surface occurs instead. Fig. 2 shows an SEM
image of a typical VA-SWNT, while Fig. 3 shows a high resolution TEM image conrming the presence of SWNTs.
3.1

Fig. 4 SEM images of SWNT growth from iron oxide and l-Cu–Fe nanoparticle
catalysts. Vertical pillars from VA-CNT are seen lying ﬂat on the surface and their
respective lengths are measured accordingly.

SWNT length as a function of catalyst composition

The maximum length of SWNTs grown (as measured from SEM,
see Fig. 4) for each catalyst composition is shown in Fig. 5 along
with the values for the relative height (RH) as compared to the Fe
catalyst. As may be seen, with the exception of the l-Cu–Fe
catalysts (vide infra), the addition of a hetero-metal decreases
the length of the SWNTs grown. In the case of both Mn–Fe and
Ni–Fe increasing the dopant metal results in a greater decrease
in the activity of the catalyst, e.g., h-Ni–Fe (RH ¼ 0.14) < l-Ni–Fe
(RH ¼ 0.54) < Fe. In contrast, while the addition of 3% Co
This journal is ª The Royal Society of Chemistry 2013

Fig. 5 Plot of maximum SWNT length as a function of catalyst composition. The
values for the relative height (RH) as compared to the Fe catalyst are given.

decreases the maximum SWNT length (RH ¼ 0.52), a ten-fold
increase in Co results in only a slight decrease in activity (RH ¼
0.46). This variation is in line with our previous results for the
activity of Co–Fe catalysts.19
As noted above, the interesting exception to decreasing the
catalyst activity with addition of the hetero-metal is the l-Cu–Fe
catalyst. Here a slight increase in maximum activity (SWNT
length) is observed. However, while this represents only a small
fraction of the total SWNTs grown it does suggest that increased
activity is possible through doping.
It has been previously proposed that catalyst nanoparticle
size can play an important role with respect to the lengths of
nanotubes that are produced, whereby smaller nanoparticle
catalysts have been found to grow longer SWNTs than larger
diameter catalysts under identical conditions.38 As may be seen
from Fig. 6 there is no well dened correlation between the
smallest particle size and the longest tube grown; however,
there does appear to be a trend in the direction proposed.38 We
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Fig. 6

Plot of maximum SWNT length as a function of the lower catalyst size.

can assume that any deviation from the relationship proposed
previously is due to diﬀerent activities due to composition
rather than particle size.
While the longest tubes grown are an indication of the
highest activity of some subset of catalysts present in the
sample, it is worth comparing the length ranges formed. Fig. 7
shows the relative frequency of the length of nanotubes within
each sample (actually measured for multiple regions on each
sample and for multiple growth runs) for each of the catalyst
system studied. If we initially consider the Fe catalyst we can see
that the majority of the SWNTs produced are between 20 and 30
mm in length. However, there is a small fraction outside this
range. Given that all the Fe catalysts should have the same
composition, any variation in SWNT length can be attributed to

Fig. 7 The relative frequency of the length of nanotubes grown from various
catalyst compositions (see Table 1).
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either variations in nanoparticle sizes,38 or changes in the size
of the nanoparticles during processing, e.g., through Ostwald
ripening.39 It is interesting to note that the shape of the SAXS
analysis for the Fe–O pro-catalyst nanoparticles is similar to the
observed distribution of SWNT lengths. This observation
supports the ideas of Cervantes-Sodi et al.38 However, this
relationship does not appear to hold true for the mixed metal
catalysts.
Doping the Fe catalyst with Mn (i.e., l-Mn–Fe) results in a
shi in the distribution to shorter lengths (Fig. 7), while
increasing the Mn concentration (h-Mn–Fe) further reduces the
lengths grown and signicantly narrows the distribution. A
comparison with Fig. 1 shows that the pro-catalyst size and size
distribution for Fe–O and l-Mn–Fe are almost identical. In
addition, the shrinkage observed during reduction for a Fe3O4
particle and one comprising of Fe3O4/Mn3O4 will also be
similar.40 Thus, the observed diﬀerence in nanotube length
(catalyst activity) must be due to the chemical composition of
the catalyst rather than any physical attribute. Despite the shi
in the lengths observed upon doping with Mn, the distribution
remains relatively narrow. We have previously shown that Mn–
Fe–O nanoparticles are uniform in composition, i.e., the
Mn : Fe ratio remains relatively constant in each nanoparticle
across the whole sample.34 Thus, it appears that doping an Fe
catalyst particle with Mn decreases its activity as a catalyst, and
the greater the Mn concentration the lower the activity. A
similar observation can be made with regard to the Ni-doped
catalysts (see Fig. 7). In both cases the doping metal is known to
be a good catalyst in itself.25,27
It has been proposed that catalytic activity of transition
metals for a given reaction oen displays a “volcano-shaped
pattern across the periodic table”.41–43 In the case of SWNT
growth this is related to a balance between carbon solubility,
propensity to form stable carbides and adsorption energy,
which are dependent on the degree of lling of the d-band.44
The Fe, Mn–Fe, and Ni–Fe catalysts would indeed appear to
follow this trend. However, by the same rational Co–Fe catalysts
would be expected to yield results between Fe and Ni–Fe, while
Cu–Fe would be expected to be the worse catalyst. But as may be
seen from Fig. 7, both Co–Fe and Cu–Fe result in a broad
distribution of SWNT lengths associated with a wide range of
catalyst activities. Clearly, other factors are involved in dening
the catalyst activity than simply the degree of lling of the
d-band. In their review article Jourdain and Bichara have discussed a number of factors that control the activity of nanoparticulate metal catalysts, including: carbon solubility,
formation of carbides, carbon diﬀusion, and interactions with
the support.43 We would add that in the case of mixed metal
catalysts, these factors can be exacerbated by issues of particle
uniformity (is the composition of each nanoparticle the same)
and also miscibility of the metals. Interestingly, of the mixed
catalyst systems, Fe–Co and Fe–Cu have both been reported to
result in the highly-selective synthesis of SWNTs of high chiral
angles,45,46 and in our study both have similar ranges of catalyst
activity.
Possibly the most interesting result is that a small portion of
the l-Cu–Fe catalysts show higher activity than pure Fe (see
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Fig. 8 Raman spectra collected at (a) 514, (b) 633, and (c) 785 nm for VA-SWNTs
grown using Fe–O nanoparticle pro-catalysts.

Fig. 6 and 7). It is known that Cu/Fe systems will oen segregate.47 So this begs the question, do we see such disparity in
SWNT length due to the formation of both distinct Fe- and Curich nanoparticle catalysts?
3.2

SWNT purity as a function of catalyst composition

The D (disorder) peak is associated with symmetry breaking
eﬀects caused by the tubular nature of the nanotubes. Contributions to the D peak include further symmetry lowering
caused by defects in the nanotubes, end caps, shortened tubes,
and vacancies along the nanotube. While a narrow D peak is
indicative of a pure sample of SWNTs, and conversely a broad
peak that of an impure sample, the intensity of the D peak can
also be signicantly aﬀected by resonance between nanotubes
and energy of the incident laser (Elaser) used to acquire the data,
with the added caveat that metallic nanotubes have also been
known to increase the D peak intensity.36 Further to this the D
peak position can also uctuate according to both nanotube
chirality, and nanotube diameter. A normal D peak is centred
on 1350 cm!1, but can blue shi for tubes with higher
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populations of semiconducting tubes or for tubes with smaller
diameters: metallic tubes, or tubes with greater diameters,
result in a red shi. Thus, it is desirable to determine the D : G
ratio at a range of incident frequencies.
Fig. 8 shows the Raman spectra for VA-SWNTs grown from
Fe–O pro-catalyst nanoparticles. Due to splitting of the G peak
between the transverse and longitudinal mode and the diﬀerence in line shape shown by a sample of metallic nanotubes
versus that of semiconducting nanotubes it was possible to
make a quick scan for the presence of metallic nanotubes.
Unfortunately the majority of G peaks were either centred
around 1592 cm!1 and either exhibited no splitting or instead
exhibited splitting of the G! peak. The sample with most G
peaks resembling that for a semiconducting nanotube sample
was that of Ni. Essentially there were no peaks found at 1550
cm!1 as would be expected for the G! peak coming from a
metallic nanotube. The G peaks acquired using 514 nm (Fig. 8a)
typically showed one G peak centred at 1592 cm!1 with some
peaks showing a slight shoulder appearing at approximately
1580 cm!1. However the data acquired using both the 633 and
785 nm lasers (Fig. 8b and c, respectively) showed many
examples of G peak splitting, with the G+ peak around 1592
cm!1 with a G! peak forming around 1580 cm!1, suggesting
that if there were metallic nanotubes present there were not in
great supply.
D : G ratios are oen used as an indicator for the degree of
change along the sidewall of a nanotube, as it deviates from a
typical sp2 (G peak) to sp3 (D peak). Large values for D : G ratio
indicate lots of sp3 carbon that can arise from sidewall functionalization, or defects in the nanotube structure such as kinks
or holes. As such the D : G ratio is used as a measure of the
purity of the nanotube products. Lower values indicate higher
quality materials, that which have little or no defects, kinks, or
other symmetry-breaking defects along the wall. Fig. 9 shows
the measured D : G values for each sample at three wavelengths
(514, 633, and 785 nm); they are plotted with their respective
minimum and maximum values. Each sample was measured in
multiple areas, and over multiple runs.
From Fig. 9 we note that the order for the samples listed
according to lowest D : G value, or those samples with the

Fig. 9 Relative intensities of the D/G peaks from Raman spectroscopy acquired using 514 nm (,), 633 nm (B), and 785 nm (D) laser wavelength; plotted on the Yaxis. The average ID/IG value for each catalyst was calculated. Error bars on the Y-axis indicate minimum and maximum values obtained for each sample.
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highest order of nanotube purity is dependent on the Raman
wavelength, i.e., l-Co–Fe z Fe z l-Ni–Fe z h-Cu–Fe # l-Cu–
Fe z h-Mn–Fe z l-Mn–Fe < h-Co–Fe < h-Ni–Fe (514 nm); h-Mn–
Fe < h-Cu–Fe # l-Cu–Fe # l-Co–Fe z l-Ni–Fe z Fe < h-Co–Fe z
l-Mn–Fe < h-Ni–Fe (633 nm); h-Mn–Fe < l-Ni–Fe z Fe # l-Co–Fe
# l-Cu–Fe < h-Cu–Fe z h-Ni–Fe < l-Mn–Fe < h-Co–Fe (785 nm).
At 633 and 785 nm the lowest D : G values, and hence, the best
quality SWNTs were found using h-Mn–Fe catalyst (Fig. 9). But
there is also a large variance for this sample as evidenced from
the wide range in minimum and maximum values. The variation of the D : G ratio across the sample, is potentially due to
the orientation of the VA-SWNT with respect to the incident
laser beam, while the variation in D : G ratio between diﬀerent
catalyst compositions suggest that the relative amount of
diﬀerent chiralities is dependent on the composition of the
catalyst.
3.3

SWNT chirality as a function of catalyst composition

Prior to detailed analysis of the various VA-SWNTs grown from
the catalyst, it is important to conrm that any particular
catalyst composition grows a consistent distribution of SWNT
diameters. Thus, multiple sample runs and areas for the iron
catalyst (from the Fe–O nanoparticle pro-catalyst) were used as a
control. As may be seen from Fig. 10, the raw Raman data at a
particular wavelength (633 nm) for VA-SWNTs prepared from
the Fe catalyst show the same peaks (associated with specic
tubes) albeit with some variation of intensity. However, it is
important to note that irrespective of Raman frequency an iron
catalyst sample appears to make tubes of a consistent mixture
based on the presence of matching peaks regardless of the
sample.
As described in the Experimental, the Raman spectra for all
the samples were peak tted using Origin, and the area under

Fig. 10 Example of Raman spectra as acquired from VA-SWNT samples that
were grown using Fe–O nanoparticle pro-catalyst, acquired using 633 nm laser
line.
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each peak recorded according to the peak wavelength. Once
peak positions were found they are all normalized to the tallest
peak, and can then be compared to data results from the same
data set. All results from the same data set are collated, and
once again the peaks are normalized to the tallest peak. The
objective of the rst normalization is to remove diﬀerences in
peak intensity that could occur as a result of experimental
factors, such as proper alignment of the laser beam. In short,
this is done so that all data from a particular nanoparticle type
is added together. The second normalization is carried out such
that the collated data can then be compared with that of other
metal types and laser lines (see Experimental and ESI). As a
check of the data manipulation the spectra for the Fe catalysed
grown VA-SWNTs (Fig. 10) were subjected to the same
processes. The resultant plots (shown as the lines in Fig. 10)
shows that the type of SWNTs produced for a particular catalyst
composition is constant, irrespective of the batch and sample
analysis area. There is a variation in the relative intensity in the
composition of some SWNT diameters, but this shows that any
change in the identity of SWNTs produced is not a variable of
experimental run or sample area, but due to the chemical
composition of the catalyst (M–Fe) formed from the particular
pro-catalyst (M-Fe-O). Table S2‡ gives the number of independent runs per pro-catalyst used.
For the Raman spectra from M–Fe–O pro-catalysts, the peaks
were then color-coded to highlight diﬀerences between catalysts. The data for Fe (the control) and the high and low
concentrations for one metal at one excitation energy were
considered one at a time, with the process repeated for all
samples. Peaks in the metal data that also appear in the Fe data
were coloured blue. Peaks that appear in both concentrations of
the metal but not in Fe were coloured green. Peaks that are
unique to the specic concentration of the metal did not appear
in the original Fe data were coloured red. The possible tube
diameters were calculated using eqn (1).37
We note that the RBM peaks have been known to shi due to
environmental eﬀects48 that can be caused by dopants, intercalation of materials, or bundling of nanotubes. However, as
these nanotube samples are treated in identical fashion then
the shi associated with environmental eﬀects should be the
same for all samples, and so diﬀerences between samples is
based upon chemical not environmental diﬀerences. Because of
the 303 cm!1 peak that is attributed to the Si substrate, some of
the graphs had to be normalized to the highest peaks from data
attributable to nanotubes as opposed to the Si substrate. When
the peak at 303 cm!1 was the highest then the data was
normalized to peaks that were next highest in intensity. The
data that had to be corrected for this are the following: @785
nm: Fe, l-Mn–Fe, h-Mn–Fe, h-Co–Fe, h-Ni–Fe, l-Cu–Fe, and
h-Cu–Fe; @633 nm: h-Ni–Fe.
Fig. 11–13 show the Raman results for the VA-SWNTs grown
from Fe–O, l-Mn–Fe–O and h-Mn–Fe–O pro-catalysts. For the
spectra collected at 514 nm the addition of small amounts of
Mn (i.e., l-Mn–Fe–O) the same diameter range 1.18–2.3 nm is
observed (Fig. 11a versus b), however, there are several new
SWNTs observed within that range. In addition, there is also the
appearance of some smaller diameter SWNTs. These smaller
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Fig. 11 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Mn–Fe–O, and (c)
h-Mn–Fe–O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37
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Fig. 13 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Mn–Fe–O, and (c)
h-Mn–Fe–O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37 Note that the
peak at !303 cm"1 is assigned to the Si substrate, and for this reason the data
was normalized to the highest peak from the data that was from a nanotube.

Mn content increases the fraction of smaller diameter SWNTs.
It is important to note that this eﬀect cannot be due to the procatalyst size since of the three h-Mn–Fe–O are the largest (see
Fig. 1). The other trend observed is that many of the chiralities
originally observed for growth using Fe–O pro-catalyst are not
observed for samples grown from h-Mn–Fe–O. Thus, the presence of Mn has a signicant eﬀect on the relative ratios of
particular chirality (diameter) SWNTs that are grown.
Fig. 14–16 show the Raman results for the VA-SWNTs grown
from Fe–O, l-Co–Fe–O and h-Co–Fe–O pro-catalysts. As with the
Mn–Fe–O pro-catalyst samples, those grown from Co–Fe–O

Fig. 12 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Mn–Fe–O, and (c)
h-Mn–Fe–O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37

diameters (0.74–0.91 nm) are further increased for h-Mn–Fe–O,
and some of the new SWNTs observed for l-Mn–Fe–O show
increased intensity. A similar trend is observed for the spectra
collected at 633 nm (Fig. 12). The use of l-Mn–Fe–O showes
additional smaller diameter SWNTs, as well as new chiralities in
the 1.01–1.30 nm range. At the higher Mn concentration more
diﬀerent SWNTs not observed for Fe or l-Mn–Fe are seen, and
there is a signicant change in relative intensity of the SWNT
diameters originally observed for Fe–O. Finally, the spectra
collected at 785 nm new chiralities are formed with l-Mn–Fe–O
(Fig. 13), in particular for h-Mn–Fe–O there is an overall shi to
smaller diameter SWNTs (Fig. 13c).
Overall, the addition of Mn to the Fe–O pro-catalyst results in
an increased number of smaller diameter tubes: increasing the

This journal is ª The Royal Society of Chemistry 2013

Fig. 14 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Co–Fe–O, and (c)
h-Co–Fe–O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37
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Fig. 15 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Co–Fe–O, and (c)
h-Co–Fe–O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37
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Fig. 17 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Ni–Fe–O, and (c)
h-Ni–Fe–O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data
that exists in the Fe–O sample (a), green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37

l-Ni–Fe–O) does not result in many new peaks in the spectra
collected at 514 nm, however, the VA-SWNTs grown using h-Ni–
Fe–O show almost none of the tubes observed for Fe–O growth
(Fig. 17a versus c). Instead, no larger diameter tubes are
observed, and multiple types of small diameter tubes are
formed. A similar result is shown in the spectra collected at 633
and 785 nm (Fig. 18 and 9). The addition of Ni to the Fe-based
catalyst results in an almost complete change in the observed
SWNTs grown by the h-Ni–Fe catalyst as opposed to a pure Fe
catalyst. These results are in line with those of Chiang and
Sankaran for NixFe1!x catalysts where for x < 0.5 there is little
change in the distribution of SWNTs grown.49

Fig. 16 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Co–Fe–O, and (c)
h-Co–Fe–O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37 Note that the
peak at "303 cm!1 is assigned to the Si substrate, and for this reason the data
was normalized to the highest peak from the data that was from a nanotube.

show an increase in the small diameter SWNTs. Again this must
be a function of the catalyst chemistry since the pro-catalyst
nanoparticles are the same size (Fig. 1). However, a big diﬀerence between Co addition and the eﬀects of Mn is that the
increased addition of Co (i.e., h-Co–Fe–O, see Fig. 14c, 15c, and
16c) results in almost complete change in SWNTs produced. In
other words, while the h-Co–Fe–O diameter range is about the
same as for Fe–O and h-Mn–Fe–O, almost none of the chiralities
produced by original Fe–O are retained.
Fig. 17–19 show the Raman results for the VA-SWNTs grown
from Fe–O, l-Ni–Fe–O and h-Ni–Fe–O pro-catalysts. Unlike
the Mn and Co systems, the addition of low levels of N (i.e.,
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Fig. 18 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Ni–Fe–O, and (c)
h-Ni–Fe–O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37 Note that the
peak at "303 cm!1 is assigned to the Si substrate, and for this reason the data
was normalized to the highest peak from the data that was from a nanotube.
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Fig. 19 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Ni–Fe–O, and (c)
h-Ni–Fe–O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37 Note that the
peak at !303 cm"1 is assigned to the Si substrate, and for this reason the data
was normalized to the highest peak from the data that was from a nanotube.

Fig. 20 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Cu–Fe–O, and (c)
h-Cu–Fe–O pro-catalysts acquired using the 514 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37

The addition of Cu to the catalyst in someway shows the
smallest change in the distribution and type of various SWNTs
grown. As may be seen from Fig. 20, the growth from l-Cu–Fe–O
pro-catalyst results changes in relative intensity, but no significant change in diameters except for a few smaller diameter
tubes. Increasing the Cu concentration (i.e., h-Cu–Fe–O) also
has little eﬀect on the SWNT diameters. A similar picture is seen
for data collected using 633 nm (Fig. 21) and 785 nm (Fig. 22).
The particular chiralities may change (such that almost none of
the chiralities grown from Fe–O between 1.51 and 2.27 nm are
retained), but the diameter ranges do not. Thus, while the
addition of Cu has a signicant eﬀect on the chiralities grown, it
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Fig. 21 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Cu–Fe–O, and (c)
h-Cu–Fe–O pro-catalysts acquired using the 633 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37

Fig. 22 Raman results for VA-SWNT grown from (a) Fe–O, (b) l-Cu–Fe–O, and (c)
h-Cu–Fe–O pro-catalysts acquired using the 785 nm laser. Blue peaks are for data
that exists in the Fe–O sample, green peaks appear in both concentrations of
sample with a second metal, and red peaks correspond to peaks that are unique
to the concentration of metal. Diameters calculated based eqn (1).37 Note that the
peak at !303 cm"1 is assigned to the Si substrate, and for this reason the data
was normalized to the highest peak from the data that was from a nanotube.

appears to have much less of an eﬀect on the diameter distributions than Mn, Co, or Ni.

4

Conclusions

We propose our method of comparing RBM peak values from
various samples as a viable option to qualitatively/quantitatively
determine the type of growth that is occurring based on the
metal catalyst composition. Regardless of the true diameters of
the nanotubes, the RBM peaks are unique to each nanotube,
and by noting changes in the RBM peak values that come from
unique nanotubes one can note changes at the individual
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nanotube level using this large-scale ensemble technique. For a
large-scale technique like Raman the advantage lies in the
ensemble collection of data, coupled with the resonance
conditions we know to be true of the RBM peaks, one can also
attain data from individual and unique nanotubes.
The composition of the catalyst aﬀects the nanotubes that
are grown, we can see this by noting the RBM peaks appear and
disappear in the Raman spectra as the composition of the
catalyst is changed. We have shown that metals aﬀect nanotube
growth, and we hope to rene this understanding to achieve a
metal particle that would create one single nanotube type by
prescription. It is important to note that between independent
samples for a particular catalyst the diameters of SWNTs grown
(and hence chirality) are consistent (i.e., a particular catalyst
grows particular SWNTs); however, the relative ratio of these
SWNTs may vary. This is expected based upon possible variations in catalyst size and, in the case of M–Fe catalysts, the
composition. We note that for the Ni–Fe system, Chiang and
Sankaran found a clear dependence of the SWNT chiralities
grown on the relative composition of the catalyst used.49
In summary we have found is that for pro-catalyst nanoparticles that are 10 nm or less in diameter it is in fact the
chemistry of the catalyst that determines the diameter and
chirality of the nanotube. While the present work do not show
any specic ability for a catalyst to grow single chirality SWNTs
our results suggest that catalyst design is indeed important in
controlling the exact mixture of SWNTs produced.
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The development of a ‘process map’ for the growth of
carbon nanomaterials from ferrocene by injection CVD†
Alvin W. Orbaek,a Neerja Aggarwala and Andrew R. Barron*abc
Ferrocene was used as a catalyst in a hydrocarbon solution to carry out injection chemical vapour
deposition (CVD) growth of carbon nanomaterials in a horizontal tube furnace. The presence and
quality of various carbon materials was determined using Raman spectroscopy, thermogravimetric
analysis, and electron microscopy. Products ranged from amorphous carbon (a-C), multi walled carbon
nanotubes (MWNTs) and vapour grown ﬁbers (VGFs). Catalyst concentration, growth temperature,
injection rate, carrier gas ﬂow rate, and the choice of hydrocarbon were found to inﬂuence the product
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outcome. Slower injection rates gave higher isolated yield. High catalyst concentrations were found to
produce less pure carbon materials with iron oxides impurities. Higher temperatures were favourable to
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nanotube formation. The use of benzene was found to increase yield compared with the other
hydrocarbons. In this work we developed a process map to chart the various carbon nanomaterial
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allotropes that were created according to reaction parameters.

1.

Introduction

The various allotropes of carbon nanomaterials include buckminsterfullerene, graphene, multi walled carbon nanotubes
and single walled carbon nanotubes; each are composed of
graphitic sp2 carbon.1 Similarly, carbon bers and carbon laments possess graphitic units,2 however they are typically much
larger in size than carbon nanomaterials and for this reason not
typically associated as a carbon nanomaterial. Although each
diﬀers in size scale, they are related by the presence of sp2
graphitic carbon layers. Single walled carbon nanotubes
(SWNTs) and multi walled carbon nanotubes (MWNTs) are both
cylindrical entities in which the crystal lattice remains
unbroken along the length of the tube.3 In contrast, vapour
grown bers (VGFs) are composed of annular graphitic layers
but the layers do not extend along the entirety of the longitudinal axis.4 It stands to reason that since the base unit for both
VGFs and MWNTs comprise of graphitic units, a reactor in
which VGFs are produced should also be possibly used to
synthesize MWNTs (and possibly SWNTs) upon careful selection of the reaction conditions.
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Of the various methods of growth of carbon nanomaterials
those using a catalyst and hydrocarbon source have been the
most studied.5 The choice of hydrocarbon can inuence the
nature of the product due to the rate of decomposition into
CxHy adducts that are suitable to the production of nanotubes.
Additionally the C : H ratio, or the presence of functional
groups and the physical properties of the carbon source,6 can
inuence the type of the carbon products that are formed.7–13
The diﬀerence in the process for making VGFs as compared
with carbon nanomaterials lies with the catalyst dimensions
being of nanometer scale, essentially acting as a template that
spatially limits the diameter of the carbon product. To this end
there have been prior studies of the relative eﬀectiveness of
diﬀerent catalysts with regard to size14 and composition.15,16 We
have recently reported the eﬀects of changing the hydrocarbon
to hydrogen ratio in controlling the rate of growth as well as the
partition between growth and etching of the carbon nanotube
(CNT).17,18 This has been previously demonstrated in the process
of carbon ber and carbon lament production.19
The desire to produce a particular type of carbon nanomaterial (i.e., SWNTs, MWNTs, carbon nanobers, or graphene)
has meant that researchers have focused on that goal rather
than exploring the variations possible through reaction control.
We are interested to understand the production of carbon
materials with a graphitic nature; as such we have undertaken
the production of carbon nanomaterials and carbon bers. Our
goal is to understand the method by which specic materials
can be produced. To this eﬀect Hepp and co-workers20 have
reported an injection reactor design that allows for the investigation of the variation in growth temperature, catalyst
precursor concentration, hydrocarbon : hydrogen ratio, and the
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identity of the hydrocarbon source. We report herein an attempt
to dene a catalysis ‘process map’ regarding the growth of
carbon nanotubes and nanobers. We propose that an understanding of the product prole as a function of a range of
experimental parameters will allow for better control over
desired products.

Published on 07 October 2013. Downloaded by Rice University on 30/10/2013 20:41:31.

2.

Experimental

Ferrocene [Fe(h5-C5H5)2, 98%] was obtained from Sigma Aldrich
and used without further purication. Benzene, toluene,
cyclopentane, methylcyclopentane, and cyclohexane were all
purchased from Aldrich and used as received. The dimeric
forms of cyclopentadiene and methylcyclopentadiene were not
“cracked” prior to use, as this would occur in the vapor phase at
the growth temperatures.21 A standard 13 wt% ferrocene solution in toluene was prepared inside a glove box under an argon
atmosphere. Ferrocene (13 g, 69.9 mmol) was dissolved into
toluene (100 mL), and the stock solution was diluted down with
toluene to make 1, 5, and 9 wt% precursor solutions. Puried
HiPCO (high-pressure carbon monoxide), SWNTs (Carbon
Nanotechnologies Inc.), MWNTs (Bayer), CNFs (Pyrograf), and
graphite (Alfa-Aesar) were used as received. A gas mixture of 5%
H2 with a balance of Ar was obtained from Matheson Tri-Gas
and used as received. The solution was injected into the hot
zone of the reaction chamber using a 900 injection needle
obtained from Hamilton Syringe Company (part# 7748-12).
These are metal-hub needles, N726 (26/9/2), 26 gauge 900 long,
point style 2. Quartz tubes were purchased from GM Associates
(part # 6000-53), CFQ tubing, 35 ! 38 mm, 40 lengths, type 214
(balance type HSQ100) cut to 2800 and the ends are lightly re
polished. To maintain constant injection speed a syringe pump
was used (KOS 106).
2.1

Nanotube growth

Carbon nanomaterial synthesis was carried out using a tabletop
horizontal tube reactor: Nanotech Innovations SSP-354 (Fig. 1).
For safety, the gas outlet from the reactor was piped into the
laboratory ventilation system; however, due to the high suction
power of the ventilation system, the exhaust tubing was muﬄed
to maintain atmospheric pressure in the reactor. Three silicon
substrates were placed in the quartz tube evenly through the
growth zone. An appropriate volume (3 mL) of the precursor
solution (Table 1) was drawn into a clean Hamilton syringe with
a 0.26 mm diameter needle; then inserted into the reactor. The
system was purged with 5% H2/95% Ar carrier ow gas at
1 L min"1. The injection furnace was heated up to 225 # C, and

Journal of Materials Chemistry A
Table 1

Sample

Temp.
(# C)

Carrier gas
ow rate
(L min"1)

[Ferrocene]
(wt%)

Injection
rate
(mL h"1)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

500
600
700
800
900
700
700
700
700
700
700
700
700
700
700
700

1000
1000
1000
1000
1000
3000
5000
1000
1000
1000
1000
1000
1000
1000
1000
1000

5
5
5
5
5
5
5
1
9
13.1
1
5
9
13.1
5
5

1
1
1
1
1
1
1
1
1
1
3
3
3
3
1
1

17
18

700
700

1000
1000

5
5

1
1
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Hydrocarbon
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Cyclopentane
Methylcyclopentane
Benzene
Cyclohexane

the growth furnace heated up to the growth temperature (Table
1). Once heated, the precursor was injected at a specic consistent rate (Table 1). Aer the full volume of the precursor solution
was injected, the system was cooled and the ow gas was
stopped. While some residue was present on the quartz tube wall,
it represented a small fraction of the total product isolated.
2.2.

Characterization

The iron percentage and nanotube purity was measured using
thermogravimetric diﬀerential analysis (TG/DTA)22 using ca.
10 mg of sample placed in a platinum pan and heated under
ambient conditions up to 800 # C in dry air. The ramp rate was
5 # C min"1 and hold time was 30 min at 765 # C. The sampling
interval was set for 3 s. We have performed TGA on as-synthesized and puried samples, and have shown that the presence
of any residual catalyst material (actually oxidized catalyst, i.e.,
iron oxide) does not aﬀect the proles.
The composition of the CVD grown product was analyzed
using a Renishaw inVia Raman Microscope, at 633 nm wavelength, using a 50! LWD lens, data was acquired with 3 accumulations between 100 cm"1 and 3300 cm"1 with cosmic-ray
background removal applied. The G0 peak was oen the most
prominent and so it was used to calibrate the laser spot to
maximize signal intensity at the detector.
Scanning electron microscopy (SEM) was carried out using
FEI Quanta 400 by placing samples on double-sided carbon tape
that is xed to aluminium SEM stubs (used as received). Images
were acquired at a typical operating voltage of 20 kV, with a
working distance of 10 mm, spot size 3 in Hi-VAC mode.

3.
Fig. 1 Schematic diagram of the experimental setup for the injection CVD
system.

Summary of reaction conditions

Results and discussion

Carbon nanomaterials were grown under a range of conditions
as outlined in Table 1. The isolated yield of each reaction was
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Fig. 2 Typical examples of MWNT samples prepared by injection CVD. Grown
using toluene as the hydrocarbon source, with (a) 13 wt% ferrocene concentration at 1 mL h"1, (b) 13 wt% at 3 mL h"1, (c) 5 wt% at 1 mL h"1, and (d) 5 wt% at 3
mL h"1. All growth runs were carried out with a growth temperature of 700 ! C.

determined by weight, and the percentage yield calculated as a
function of total carbon in the reactor. The product was characterized with regard to catalyst residue, carbon nanomaterial
identity and purity. Since all samples look identical at the
macroscopic level, a lightweight black powder (Fig. 2), a range of
characterization techniques was employed.
In order to determine the percentage of residual catalyst in
the sample and also the identity of the carbon material thermogravimetric analysis (TGA) was performed. Carbon nanomaterials burn at 400–600 ! C, and the residue is the oxide of the
metal catalyst used: in this case Fe2O3. By comparison of mass
readings before and aer a TGA run, the iron percentage in the
sample can be determined.22 An example of a typical TGA for the
reaction product is shown in Fig. 3.
In addition to the determination of the catalyst residue, the
TGA can provide information as to the nature of the carbon
nanomaterial. The rst derivative of the TG curve can be used to
determine the precise temperature at which the decomposition
occurred, which is expected to change according to the stability
of the compound being analyzed. As such this can be used as a
quick-analysis technique to characterize the nanocarbons that
were present. The TGA instrument was calibrated using known
pure samples of puried HiPCO SWNT, MWNTs, CNFs, and
graphite (Fig. S1†). The most stable compounds decompose at
higher temperatures, for example graphite at 893 ! C. SWNTs
and CNFs show a single, and lower, decomposition

Fig. 3 Typical TGA curve for a sample (sample 17) grown using benzene as the
hydrocarbon source, with an injection rate of 1 mL h"1, a growth temperature of
700 ! C, and a ferrocene concentration of 5 wt%.
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temperature: 500 ! C and 531 ! C, respectively. Puried samples
of MWNTs show a decomposition temperature at 525 ! C.
Typical calibration plots of TGA are shown in Fig. S1.† Based on
the comparison of the detected decomposition temperature for
the reaction products compared with the calibrated values for
each carbon nanomaterial, the samples were evaluated for the
presence of SWNTs, MWNTs, and CNFs. Raman spectroscopy
(Fig. S2†), SEM, and HRTEM were used to conrm these
assignments. We note that the scale of the materials produced
(MWNTs and VGFs) is such that SEM is wholly adequate to
characterize the products in the majority of the cases.
Raman spectroscopy can be used to determine the quality of
the nanotubes by comparison of the G peak and D peak intensities (see Fig. S2a and b†). The stretching mode (G mode) is
associated with tangential displacement C–C bond stretching
motions in the 1500–1600 cm"1 range. G band is a tangential
stretching mode (E2g symmetry) meaning atomic displacements
occur along the circumferential direction. The D, or disorder
mode, observed at 1290–1330 cm"1 depending on the Raman
excitation laser wavelength, is the A1g symmetrical stretch
originating from crystallinity disorders and lattice imperfections. As such it represents the presence of sp3 carbon centres,
which represents a break in the symmetry of the graphite
plane.23 Thus, the G : D ratio is oen used as a good indicator of
quality in bulk samples since a large G peak relative to the D
peak means good resonance condition, and signals the presence of graphitic carbon. MWNTs produce a high intensity G
band but the multi peak feature is not clear due to large tube
sizes (Fig. S2b†). G0 corresponds to disorder induced carbon
features arising from nite particle size distribution or lattice
distortion. Representative Raman spectra are shown in Fig. 4.

Fig. 4 Representative Raman spectra of the products formed using a ferrocene
concentration of 5 wt% in toluene (a) with an injection rate of 1 mL h"1, a growth
temperature of 800 ! C, and (b) with an injection rate of 1 mL h"1, a growth
temperature of 600 ! C. Peaks due to iron oxide are designated with *.

This journal is ª The Royal Society of Chemistry 2013
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The non-nanotube peaks in the Raman spectra (224, 226,
290, 404, 406, 409, 605, 607, and 609 cm!1) were found to match
closely with iron oxide peaks, particularly from the hematite
(Fe2O3) phase,24,25 with the exception of the peak at 290 cm!1
that can also be classied as a peak from lepidocrite.26 Low
frequency range peaks represent oxidized iron in the product
(Fig. 6b). Low frequency peaks mean that several iron nanoparticles failed to nucleate into nanotubes. Low frequency
peaks are seen in all samples except 5 wt% at 1 mL h!1 suggesting this sample has the highest purity, for this reason these
conditions were adopted in subsequent reactions. Initially it
was thought that the low frequency peaks could originate from
the radial breathing modes of SWNTs present within the
sample. However, upon further scrutiny using Raman laser of
wavelength 514 nm, and 785 nm, the peaks were found to be
still present. The RBM peaks are a strong indicator of the
presence of SWNTs as they originate from a resonance condition between radial oscillations about the diameter of a SWNT
as it couples to specic incident photon energies. The presence
of the peaks at near identical wavenumbers indicate they originate from the presence of oxides as opposed to the RBM of
SWNTs. Because the peaks were present at the same frequencies
in the spectra, but measured using diﬀerent incident energies,
we have assumed these peaks to be caused by iron oxides.

3.1

Journal of Materials Chemistry A
a function of reactor temperature is expected based upon the
kinetics of toluene decomposition,27–29 while the lower limit of
growth of 600 " C can be associated with the formation of a
catalyst particle (i.e., Fe nanoparticle) from the reduction of a
pro-catalyst iron species formed upon thermolysis of the
ferrocene. This latter would be expected to be a mixture of
FeOOH and carbon.30
The morphology of the product varies with deposition
temperature. Fig. 6 shows SEM images for each deposition
temperature, each at two magnications. Growth at 500 " C
occurs exclusively on the silicon wafer substrates (Fig. 6a and b)
since the yield is so low. At 600 " C and above, product is formed
throughout the chamber and is isolated as self-standing nanotube carpets (Fig. 6c, e, g, and i). High resolution TEM images
(Fig. 7) suggest that MWNTs represent the majority of the
product: this is conrmed from TGA and Raman spectroscopy.
However, a few CNFs are seen in the samples grown at

Eﬀect of growth temperature

Using a constant ferrocene concentration (5 wt%), hydrogen
ow rate (1 L min!1), and injection rate (1 mL h!1) samples
were grown with toluene at various temperatures from 500–
900 " C (see Table 1). Fig. 5 shows a plot of the total isolated
product as a function of growth temperature. As may be seen, at
lower temperatures the yield is low, but above 600 " C there
appears a linear increase in yield as a function of temperature.
However, at 900 " C the yield again decreases. This latter eﬀect
appears to correlate to the premature pyrolysis of the carbon
source around the inlet of the reaction zone and the formation
of graphite layers that cannot be removed from the sidewalls of
the chamber. The highest isolated yield represents a conversion
yield of 17% for all carbon in the reactor. The increased yield as

Fig. 5 Plot of isolated product as a function of the growth temperature for
samples formed using toluene, with an injection rate of 1 mL h!1, a ferrocene
concentration of 5 wt%, and a carrier gas ﬂow rate of 1 L min!1.

This journal is ª The Royal Society of Chemistry 2013

Fig. 6 SEM images showing both high and low magniﬁcation images of growth
runs carried out using toluene with an injection rate of 1 mL h!1, a ferrocene
concentration of 5 wt%, a carrier gas rate of 1 L min!1, and growth temperatures
of 500 " C (a and b), 600 " C (c and d), 700 " C (e and f), 800 " C (g and h), and 900 " C
(i and j). Scale bars are 50 mm (a, c, g, and e) and 5 mm (b, d, f, h, and j), and 500 mm
(i).
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Fig. 7 High resolution TEM images of the product (sample 3) from growth runs
carried out using toluene with an injection rate of 1 mL h"1, a ferrocene
concentration of 5 wt%, a carrier gas rate of 1 L min"1, and growth temperatures
of 700 ! C, showing (a) MWNTs as formed from iron catalyst, and (b) the presence
of carbon nanoﬁber with catalyst present inside ﬁber centre.

intermediate temperatures, see Fig. 6f. It may also be seen that
the alignment and the density of the MWNT carpet increases
with increased deposition temperature. In all cases, clumps of
iron oxide catalyst residue may be seen.
The TGA analysis of the samples grown between 600 and
900 ! C with an injection rate of 1 mL h"1, a ferrocene concentration of 5 wt% show a decomposition point at approximately
560 ! C associated with MWNTs (Table 2) in agreement with the
SEM results. Furthermore, the Raman spectra show peaks
associated with MWNTs. A measure of the purity is indicated by
the G : D ratio. Fig. 8 shows a plot of the G : D ratio as a function
of the growth temperature, showing an increase in the G : D
ratio with increasing growth temperature. This increased G : D
ratio may be associated with the increased purity of MWNTs
associated with annealing of defects either during or post
growth. An increased G : D ratio could also be associated with
the presence of carbon soot; however, SEM does not show any
such material, and TGA data is not consistent with soot
formation.
3.2

Eﬀect of carrier gas ow rate

Using a constant ferrocene concentration (5 wt%), growth
temperature (700 ! C), and injection rate (1 mL h"1), samples
were grown with toluene at various hydrogen carrier gas ow

Table 2

Fig. 8 Plot of G : D ratio as a function of the growth temperature for samples
formed using toluene, with an injection rate of 1 mL h"1, a ferrocene concentration of 5 wt%, and a carrier gas ﬂow rate of 1 L min"1.

rates (see Table 1). It should be noted that changing the carrier
gas ow rate would change the residence time of the carbonaceous precursor in the hot zone of the furnace. As a result,
changes in carrier gas ow rate not only change the apparent
abundance of hydrogen, but in principle the extent of thermal
rearrangements possible for a given hydrocarbon in the given
reactive atmosphere. However, with regard to the latter eﬀect,
the gas phase rearrangements (decomposition of the hydrocarbon) are suﬃciently fast that the changes in ow rate are
inconsequential, especially as the ow rates equate to a residence time of between 10 and 60 s.
Fig. 9 shows a plot of the isolated product yield as a function
of carrier gas ow rate. As may be seen, the isolated yield shows
small, but non-linear, dependence on ow rate. The highest
isolated yield represents a conversion yield of 5% for all carbon
in the reactor. From TGA measurements the percentage of iron,
the residual catalyst oxidized upon exposure to air, may be
determined. The iron content as a function of carrier gas ow is
inversely related (Fig. S3†).
The morphology of the product varies with deposition
temperature. Fig. 10 shows SEM images for each carrier gas ow
rate, each at two magnications. In each case nanotube carpets

Summary of TGA characterization of carbon nanomaterials

Proposed
material
from TGA

Reaction

Temperature
(! C)

8
3
9

528 & 563
628
530

10

597

CNF, MWNT
CNF, MWNT
SWNT, MWNT
or CNF
CNF

11
12
13
14

539
560
504
539

MWNT
MWNT
SWNT, MWNT
CNF
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Observed in SEM
CNF, MWNT
MWNT
MWNT, CNF
Iron oxide,
amorphous carbon
Nanobers MWNT
MWNT, iron oxides
MWNT, CNF
Iron oxide,
amorphous carbon

Fig. 9 Plot of isolated product as a function of the carrier gas ﬂow for samples
formed using toluene, with an injection rate of 1 mL h"1, a ferrocene concentration of 5 wt%, and a growth temperature of 700 ! C.
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(DG : D ¼ 0.35) than is observed as a function of temperature
(DG : D ¼ 1.8, cf., Fig. 8).
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Fig. 10 SEM images showing both high and low magniﬁcation images of
growth runs carried out using toluene with an injection rate of 1 mL h!1, a
ferrocene concentration of 5 wt%, and a growth temperatures of 700 " C, and a
carrier gas ﬂow rate of 1 L min!1 (a and b), 3 L min!1 (c and d), and 5 L min!1 (e
and f). Scale bars are 20 mm (a, c, and e) and 2 mm (b, d, and f).

are formed; however, for 3 L min!1 (c and d), and 5 L min!1 the
carpets show a rippled morphology.
The TGA analysis of the samples grown at diﬀerent ow rates
show a decomposition point at approximately 550 " C associated
with MWNTs (Table 2) in agreement with the SEM results. The
G : D ratio obtained from the Raman spectra (Fig. 11) shows no
signicant trend, and in fact exhibits a much smaller variation

Fig. 11 Plot of G : D ratio as a function of the carrier gas ﬂow for samples
formed using toluene, with an injection rate of 1 mL h!1, a ferrocene concentration of 5 wt%, and a growth temperature of 700 " C.

This journal is ª The Royal Society of Chemistry 2013

Eﬀect of precursor concentration

Using a constant growth temperature (700 " C), and injection
rate (1 mL h!1), and hydrogen carrier gas ow rate (1 L min!1)
samples were grown with toluene using a ferrocene concentration of 1, 5, 9, and 13 wt% (see Table 1). Fig. 12 shows a plot of
the isolated product yield as a function of precursor concentration. As the pro-catalyst concentration is increased, the yield
increases in a linear manner until it reaches a critical concentration, above which the yield increases dramatically. This
observation suggests that at each concentration a majority of
the droplets contain suﬃcient pro-catalyst to create particles of
Fe of suﬃcient size for growth. The highest isolated product
correlates to a yield of 38%. Since the yield increases with
increased catalyst concentration this suggests that the reaction
is not mass transport limited but catalyst site limited.
The morphology of the product varies with precursor
concentration. Fig. 13 shows SEM images for each precursor
concentration, each at two magnications. At the lowest catalyst
concentration the sample shows only a small amount of
MWNTs (Fig. 13a and b). At 5 wt% MWNTs are the predominant
material formed; however, at 9 wt%, CNFs with diameters of 60–
600 nm predominate. Finally, at the highest concentration the
product appears to be comprised of oxide particles and amorphous carbon (a-C), which is conrmed by Raman spectroscopy
and TGA (Table 2). The G : D ratio obtained from the Raman
spectra shows a signicant dependence on the precursor
concentration (Fig. 14), decreasing with increasing precursor
concentration, consistent with the diﬀerent species formed (cf.,
Fig. 13).
3.4

Eﬀect of precursor injection rate

The injection rate of the ferrocene/toluene solution into the
hydrogen carrier gas will have two eﬀects. First, it will alter
the C : H ratio in the reaction chamber. Second, it will alter the
Fe : H ratio in the reaction chamber. We have previously shown
that the C : H ratio in the growth zone has a signicant eﬀect on

Fig. 12 Plot of isolated product as a function of the ferrocene concentration for
samples formed using toluene, with an injection rate of 1 mL h!1, a carrier gas
ﬂow rate of 1 L min!1, and a growth temperature of 700 " C.

J. Mater. Chem. A, 2013, 1, 14122–14132 | 14127

View Article Online

Published on 07 October 2013. Downloaded by Rice University on 30/10/2013 20:41:31.

Journal of Materials Chemistry A

Paper

Fig. 15 Plot of isolated product (g) as a function of ferrocene injection rate (mL
h"1) for samples formed using toluene, a carrier gas ﬂow rate of 1 L min"1, a
growth temperature of 700 ! C, and various ferrocene concentrations.

Fig. 13 SEM images showing both high and low magniﬁcation images of
growth runs carried out using toluene with an injection rate of 1 mL h"1, a carrier
gas ﬂow rate of 1 L min"1, and a growth temperatures of 700 ! C, and a ferrocene
concentration of 1 wt% (a and b), 5 wt% (c and d), 9 wt% (e and f), and 13 wt%
(g and h). Scale bars are 5 mm (a, c, e, and g) and 500 nm (b, d, f, and h).

Fig. 14 Plot of G : D ratio as a function of ferrocene concentration for samples
formed using toluene, with an injection rate of 1 mL h"1, a carrier gas ﬂow of 1 L
min"1, and a growth temperature of 700 ! C.
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the growth rate of SWNTs,17,18 while a high Fe : H ratio may
result in incomplete reduction of the Fe-containing pro-catalyst.
Using a constant growth temperature (700 ! C), and hydrogen
carrier gas ow rate (1 L min"1) samples were grown with
toluene using a ferrocene concentration of 1, 5, 9, and 13 wt%
with injection rates of 1 and 3 mL h"1 (see Table 1). Fig. 15
shows a plot of the total isolated product yield as a function of
precursor injection rate. The yield is generally lower with higher
injection rates. This is consistent with a higher C : H ratio
resulting in a lower yield (i.e., lower growth rate). The highest
isolated yield represents a conversion yield of 38% for all carbon
in the reactor. Of all the parameters investigated this appears to
make the greatest impact on the conversion of the hydrocarbon
to MWNTs.
The morphology of the product varies with precursor injection rate. Fig. 16 shows SEM images for samples prepared with
an injection rate of 3 mL h"1, each at two magnications. These
should be compared with their opposite numbers in Fig. 13 for
samples grown with an injection rate of 1 mL h"1. At the lowest
catalyst concentration (1 wt%), increasing the injection rate
results in changing of the product from MWNTs (Fig. 16a and b)
to CNFs and larger VGFs (Fig. 16a and b). At a precursor
concentration of 5 wt% the formation of MWNTs occurs irrespective of injection rate. However, Raman spectroscopy and
TGA suggest that the sample prepared with a higher injection
rate also contain SWNTs or SWNT-like nanotubes (see below).
Whereas samples grown with a precursor concentration of
9 wt% and an ow rate of 1 L min"1 comprised of large diameter
CNFs (Fig. 16e and f), those grown with an ow rate of 3 L min"1
comprise of MWNTs (Fig. 16e and f). This appears counter to
the results at an injection rate of 1 mL h"1. However, we believe
that this is indicative of an island of reactivity associated with
the optimum catalyst concentration within the chamber that
enables MWNTs to be grown, see below. Finally, at the highest
precursor concentration (13 wt%) the injection rate does not
appear to alter the identity of the product (see Fig. 16h versus
Fig. 13h). The SEM characterization is consistent with the TGA
analysis (Table 2). As with the yield, the G : D ratio obtained
from the Raman spectra shows a decrease with increased
injection rate (Fig. 17).
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3.5

Eﬀect of hydrocarbon precursor

A direct comparison between hydrocarbon precursors is diﬃcult to make (due to diﬀerences in the thermolysis parameters),
it has been previously reported that the growth of carbon
nanotubes under a particular condition is dependent on the
identity of hydrocarbon precursor.10 Factors that can control the
eﬃciency of a particular hydrocarbon precursor for nanotube
growth include the temperature and/or rate of decomposition
and identity of the thermolysis fragmentation products. It has
been proposed that “C2” fragments such as C2H2 are adventitious to the formation of SWNTs.31–36 In order to determine the
eﬀects of the hydrocarbon samples were grown using toluene
(C6H5CH3), benzene (C6H6), cyclopentane (C5H10), methylcyclopentane (C5H9CH3), and cyclohexane (C6H12). The choice
of cyclohexane and benzene allowed for a comparison of
aromatic and aliphatic hydrocarbons, while cyclopentane and
cyclohexane allowed for comparison of C5 and C6 precursors.
Finally, the comparison of benzene versus toluene and cyclopentane versus methylcyclopentane allows for the eﬀect of
methyl substitution to be investigated. We have previously
shown that for the metal organic chemical vapour deposition of
metal carbides such as NbC the use of methyl substituted
ligands in-place of un-substituted ligands promotes carbide
formation.37,38
Samples were grown using constant growth temperature
(700 ! C), injection rate (1 mL h"1), hydrogen carrier gas ow rate
(1 L min"1), and ferrocene concentration (5 wt%), see Table 1.
Fig. 18a shows a plot of the mass of isolated product as a

Fig. 16 SEM images showing both high and low magniﬁcation images of
growth runs carried out using toluene with an injection rate of 3 mL h"1, a carrier
gas ﬂow rate of 1 L min"1, and a growth temperatures of 700 ! C, and a ferrocene
concentration of 1 wt% (a and b), 5 wt% (c and d), 9 wt% (e and f), and 13 wt%
(g and h). Scale bars are 10 mm (a, c, e, and g) and 0.5 mm (b, d, f, and h).

Fig. 17 Plot of G : D ratio as a function of the precursor injection rate for
samples formed using toluene, a carrier gas ﬂow of 1 L min"1, a growth
temperature of 700 ! C, and various ferrocene concentrations.

This journal is ª The Royal Society of Chemistry 2013

Fig. 18 Plot of (a) isolated product and (b) reaction yield as a function of the
hydrocarbon precursor for samples formed using an injection rate of 1 mL h"1, a
carrier gas ﬂow of 1 L min"1, a growth temperature of 700 ! C, and a ferrocene
concentration (5 wt%).
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function of hydrocarbon precursor. Benzene shows the highest
isolated yield with cyclopentane the lowest. The adjusted yields
as a function of carbon in the reactor are shown in Fig. 18b. It is
interesting to note that adjusted for density and carbon content,
the growth yield using cyclohexane, methylcyclopentane, and
toluene are essentially identical suggesting that the growth is
limited by the catalyst concentration and injection rate rather
than the decomposition kinetics of the hydrocarbon.
Conversely, the signicantly higher yield associated with
benzene (19%) suggest that it has a more favourable decomposition under the present conditions. However, we note that
the optimized growth for toluene is 38% isolated yield, and
thus, the yield from benzene may be improved further through
optimization of growth temperature and catalyst concentration.
As may be seen from Fig. 18, it appears that the hydrocarbons
fall into two groups: benzene and the rest. We note that benzene
has previously shown to be a suitable precursor for SWNTs,11

Fig. 19 SEM images showing both high and low magniﬁcation images of
growth runs carried out using (a and b) cyclopentane, (c and d) methylcyclopentane, (e and f) cyclohexane, (g and h) toluene, and (i and j) benzene with
an injection rate of 1 mL h!1, a carrier gas ﬂow rate of 1 L min!1, and a growth
temperature of 700 " C, and a ferrocene concentration of 5 wt%. Scale bars are
100 mm (a, c, e, and g) and 5 mm (b, d, f, and h).
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MWNTs,12 and double walled carbon nanotubes (DWNTs):13 in
each case high yields were observed.
The morphology of the product as a function of hydrocarbon
precursor is shown in Fig. 19. Under these growth conditions,
each sample comprises of dense carpets of MWNTs with a few
CNFs shown in some of the SEM images. The G : D ratio
obtained from the Raman spectra shows a signicant dependence on the precursor identity with cyclohexane being the best
and toluene the worst (Fig. 20). It is interesting to note that in
each case the methyl substituted derivatives show lower G : D
ratio than the un-substituted precursors.
Given that all other factors with the reactions are the same
(Table 1), and the concentration of the hydrocarbon is signicantly greater than the catalyst concentration, we propose that
the dependence of the isolated yield on the identity of the
hydrocarbon suggests that the rate limiting step is associated
with the decomposition of the hydrocarbon rather than the
dissolution (and precipitation) of carbon in the catalyst particle
or mass transport within the chamber. Thus, we propose that
the yield should be a function of the decomposition kinetics of
the thermal decomposition of the hydrocarbon to suitable
fragments (usually assumed to be C2 units32,33) for the growth of
nanotubes from the catalyst. In this regard, the thermal
decomposition of benzene,39 toluene,27–29 cyclopentane,40
methylcyclopentane,41 and cyclohexane42,43 are well understood.
Excluding a discussion of benzene (see below), we can
consider the known pathways for thermolysis of each hydrocarbon. Toluene is known to decompose through either benzyl
radical (eqn (1)) or phenyl radical (eqn (2)) formation;28,29
however, the former predominates at the temperatures studied
for the present experiments. The benzyl radical undergoes
subsequent decomposition, eqn (3) and (4).
C6H5CH3 / C6H5CH2_ + H_

(1)

C6H5CH3 / C6H5_ + CH3_

(2)

C6H5CH2_ / C5H5 + C2H2

(3)

C6H5CH2_ / C3H3 + C4H4

(4)

Fig. 20 Plot of G : D ratio as a function of the hydrocarbon precursor for samples
formed using an injection rate of 1 mL h!1, a carrier gas ﬂow of 1 L min!1, a
growth temperature of 700 " C, and a ferrocene concentration (5 wt%).
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Cyclopentane is known to decompose via the isomerisation
to 1-pentene with subsequent decomposition to propylene and
ethylene.40 Cyclohexane is known to decompose by the formation of ethylene (C2H4) and butadiene (C4H6) (eqn (5)), although
direct cleavage is also proposed (eqn (6)).
C6H12 / C2H4 + C4H6

(5)

C6H12 / 2C3H6

(6)

Finally, the decomposition rates for methylcyclopentane and
cyclohexane to be very similar, but with an increased formation
of propene.41 Thus, for each compound, thermal decomposition
results in fragmentation to C2–C5 fragments. As was noted
above, it has been proposed that C2 fragments (such as C2H2)
are the direct precursor for nanotube growth from a catalyst
surface.32,33 Thus, we propose that the growth rate of a nanotube
from these precursors (as measured by the isolated product
yield) should be dependent on the relative decomposition rates
of the hydrocarbon. While a direct comparison between all four
hydrocarbons is diﬃcult to make, there are two comparisons
that can be made. First, of the compounds studied cyclopentane
shows the lowest yield (hence slowest growth rate). Cyclopentane is also the only compound that undergoes an isomerisation prior to decomposition. The rate of this isomerisation in
comparison with the rate of thermal decomposition of cycloalkanes is known to be signicantly lower;40 thus, it would be
expected to show the worst yield, which it does. Second, the
decomposition rates for methylcyclopentane and cyclohexane
to be very similar.43 From Fig. 21 it can be seen that the yield,
and hence MWNT growth rate, are the same for these
precursors.
As discussed above, each of the other hydrocarbons studied,
decompose to give C2, C3 and C4 fragments that will in turn
decompose, either in the gas phase, or on the catalyst particle
surface, to give the C2 units associated with nanotube growth.
However, over the temperature range studied, benzene has been
shown to decompose directly to the formation of carbon and H2
or through diphenyl and diphenylbenzene39 to condensation
products containing three or more benzene rings.39,44 At the
growth temperature used in the present studies (700 ! C) the

partition between these reactions is about 1 : 1. The direct (one
step) formation of carbon that can be used to grow nanotubes,
rather than the intermediate formation of secondary Cn reactants (as with the other hydrocarbons), is consistent with high
yield and hence high growth rate. Additionally, the fused nature
of diphenylbenzene would suggest that this could also be a
suitable precursor to nanotubes. Furthermore, the known
binding of these compounds to nanotube walls45 could also
contribute to the formation of MWNTs. Thus, we propose the
increased growth rate (as measured by higher yield) for benzene
as compared for other hydrocarbon precursors studied is due to
the known decomposition to carbon39 rather than indirect
formation of isolable carbon containing fragments.
A consideration of the decomposition products for each
hydrocarbon can also be made with regard the G : D ratio
observed for the MWNT products; in particular, a consideration
of C2 versus other fragments. The products with the highest
G : D ratio are formed from cyclohexane which directly forms
C2H4, the next highest is from cyclopentane that decomposes to
give a mixture of propylene and ethylene. Methylcyclopentane is
known to produce more propylene than the equivalent reaction
for cyclohexane, and the products have a lower G : D ratio
(Fig. 20). Finally, toluene decomposition results in C2–C5
products and its products show the lowest G : D ratio. Thus, we
propose that the highest purity nanotube products are formed
with precursors that produce the highest percentage of C2
compounds upon decomposition. This is consistent with prior
studies on the ideal direct reagent for nanotube growth.

4.

Conclusions

We have shown that of the experimental variables studied, the
morphology is most aﬀected by the C : H ratio (as controlled by
the injection rate) and the catalyst precursor concentration. In
this regard, Fig. 21 shows a schematic of the phase diagram of
carbon products as a function of the injection rate and ferrocene concentration. As stated in the Introduction, we propose
that an understanding of this product prole will allow for a
better control over desired products for growth of carbon
nanomaterials.
Finally, under a particular set of growth conditions the
identity of the hydrocarbon source makes a signicant impact
on the yield and purity of the MWNT products. Un-substituted
cyclic aliphatic hydrocarbons give the highest purity MWNTs,
while benzene results in the highest yield. We propose that
these parameters are controlled by the mechanism and species
formed from the vapour phase decomposition of the hydrocarbon. With this understanding it should be possible to
further optimize yield and purity through an understanding of
the decomposition pathways and kinetics of alternative
hydrocarbons.
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Binary (M1!M2!O) and ternary (M1!M2!M3!O) metal-oxide nanoparticles
(NPs) have been prepared by thermal decomposition in benzyl ether of the appropriate M(acac)n (M ¼ Fe, Mn, Pd, Cu, Al, Gd) compounds in the presence of a
mixture of oleic acid and oleylamine templating (surface capping) ligands, and
1,2-hexadecanediol as an accelerating agent. The metal percentage and the particle size were investigated as a function of the starting composition. The NP composition is controlled by the relative reaction rates of the particular precursors,
such that prediction of NP composition from reagent ratios is not straightforward. However, understanding reaction rate limitations allows for alternative
synthesis to be developed. In some cases, ligand exchange reaction and subsequent
decomposition are possibly more important than thermal decomposition.
Keywords: metal; oxide; nanoparticle; precursor; composition

1. Introduction
As a consequence of their potential applications as contrast agents, tracers, energetic materials and catalysts, there have been extensive research on the synthesis of nearly monodisperse metallic and metal oxide nanoparticles (NPs).[1] In the majority of applications,
control over the size and size distribution are important considerations; however, where
mixed metal oxides are desired then control over the atomic composition is also a factor.
This is particularly true in the area of catalysis where small changes in composition can
have large effects on the catalytic activity.[2–7] Recently, we have gained interest in the
potential use of superparamagnetic NPs as traces in geological formations. The idea being
that variation in the Curie temperature can be used as a method for differentiating one
tracer from another and from naturally occurring background materials.
Common synthetic routes for the preparation of narrowly disperse metallic and metal
oxide NPs include co-precipitation of metals salts, hydrolysis of metal salts (e.g. sol–gel),
thermal decomposition of organometallic precursors, or the polyol process.[8–11] Among
these methods, the thermal decomposition of organometallic precursors in noncoordinating, high-boiling organic solvents in the presence of templating/surface capping
ligands has been proven to be a flexible method for polymetallic NPs with decent control
over the size and distributions.[12]
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The NP synthesis in non-coordinating solvents was originally developed for the synthesis of semiconductor nanocrystals,[13] based on the concept of providing reactive substituents to both components of the system;[14,15] however, recently it has become an
attractive method for producing metallic and metal oxide NPs, e.g. via the one-pot synthesis of bimetallic oxide NPs by the thermal decomposition of metal acetylacetonate (acac)
precursors in high temperature boiling ethers.[16,17]
We have previously reported that for the composition of cobalt–iron oxide (Co–Fe–O)
NPs (i.e. Co:Fe ratio) as synthesised from the appropriate metal acac precursors, the
Co concentration increases linearly with increasing Co(acac)2 precursor concentration,
and only a very small percentage of Co(acac)2 was not directly incorporated into the NPs.
[18] This suggested that the kinetics of the decomposition of each precursor [Fe(acac)3 and
Co(acac)2] is near identical and that the composition of the NPs is statistically a function
of the starting precursor mixture. In the course of our studies, we have become interested
in whether compositional control can be extended to other systems and what factors of the
precursor stability, structure and reactivity control the composition of the final NP. Our
initial results in this area are described herein.

2. Experimental procedure
2.1. Materials
Fe(acac)3 [97%], Fe(acac)2 [99.95%], Cu(acac)2, Al(acac)3, Gd(acac)3.2(H2O) and
Zn(acac)2.x(H2O) hydrate were obtained from Sigma Aldrich and used without further
purification. Pd(acac)2 and Mn(acac)2 were obtained from Alfa Aeser and used as received.
Oleic acid [CH3(CH2)7CH¼CH(CH2)7CO2H, 90%], oleylamine ([CH3(CH2)7CH¼CH
(CH2)8NH2, >70%], 1,2-hexadecanediol [CH3(CH2)13CH(OH)CH2OH, HDD], benzyl
ether [98%] and hexanes (mixture of isomers) were all purchased from Aldrich and used as
received. Ethanol (200 proof) from Decon Laboratories Inc. was used as received.

2.2. Characterisation
Size determination of the NPs was achieved by small angle X-ray scattering (SAXS) by
a Rigaku SmartLab X-ray diffractometer using a Cu–Ka radiation source. Samples
were prepared by sealing a concentrated NP solution in hexanes into a 1-mm ‘glass
number 50 capillary’ tube (Hampton Research Inc.) and the data were resolved using
Rigaku’s NANO-solver. Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) measurements were obtained on a Perkin Elmer Optima 4300 DV. Samples
were prepared by digesting 0.5 mL of concentrated NP solution in 9.5 mL of concentrated HNO3. A 0.5-mL aliquot of the digested solution was diluted into 9.5 mL of
NANOpureTM water. The ICP standards were obtained from Inorganic Adventures
and diluted using NANOpureTM water. The iron content was accumulated first for
each set of particles, then the additional metal concentration was determined after, to
avoid complications arising from emission wavelength overlap between the Fe and the
additional metals. Scanning electron microscopy was carried out on an FEI Quanta
400 ESEM. Energy dispersive X-ray (EDX) analysis was performed using the energy
dispersive detector in a FEI Quanta 400 scanning electron microscope. Samples were
drop-coated onto a silicon wafer. The X-ray diffraction (XRD) was collected using a
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Rigaku D/Max Ultima II diffractometer configured with a vertical theta/2-theta goniometer, Cu–Ka radiation, graphite monochromator and scintillation counter. Samples
were prepared by precipitating the NPs out of solution, and drying before grinding the
sample into a fine powder with a mortar and pestle. A zero-background sample holder
was used. The sample was placed on the holder with some putty and a thin glass wafer
and was pressed using a clean microscope slide to ensure the sample was level with the
edge of the sample holder.

2.3. NP synthesis
Two similar methods were used for NP synthesis. Both were based on the methods previously reported.[12,17,18]
In the first general method, to a 100-mL three-necked round-bottomed flask was added
the appropriate metal acac (0.75 mmol), HDD (0.3877 g, 1.5 mmol), oleic acid (0.951 mL,
3.0 mmol), oleylamine (0.987 mL, 3.0 mmol) and benzyl ether (37.5 mL, 193.5 mmol).
The mixture was brought to reflux for 15 min, and then allowed to cool to room temperature. The particles in solution were precipitated with EtOH. The solution was then centrifuged for 5 min at 4400 rpm. The supernatant was discarded and the pellet made soluble
in hexanes (ca. 10 mL) using light bath sonication to ensure complete solubility. This
method was used for Fe–Pd–O and Fe–Al–O mixed metal oxide NPs.
An alternative synthesis was used for Fe–Al–O and Fe–Gd–O binary and Fe–Mn–Zn–O
and Fe–Al–Gd–O ternary oxide NPs. The synthesis is carried out in an oxygen-free
three-necked round bottom flask. The overall ratio of metal (2 mmol) to surfactant was kept
constant. In the case of the Fe–Mn–Zn–O NPs, the amount of iron was kept constant,
while manganese and zinc amounts were varied. In a general synthesis, HDD (2.5844 g,
10 mmol), oleic acid (1.902 mL, 6 mmol) and oleylamine (1.974 mL, 6 mmol) in benzyl
ether (20 mL, 103.2 mmol) were used for each run. When all chemicals were added, argon
was flushed through the system to remove any oxygen. The system was then heated to
200 ! C at a rate of 10 ! C/min. Once at 200 ! C, heating was held constant for 2 hours. After
2 hours, heating was increased to reflux at the same rate of 10 ! C/min. Once refluxing, heating was held constant for 1 hour. After 1 hour, heating was turned off and the entire system
was let to cool to room temperature. Ethanol (40 mL) was added to the solution to precipitate out the NPs. The solution was then split into 50 mL centrifuge tubes and centrifuged.
The supernatant was discarded and ethanol (15 mL) was added to each tube to wash the
NPs. The samples were centrifuged and washed twice more, discarding the supernatant each
time. After washing, the NPs were allowed to air-dry overnight and then suspended in
hexanes.
A modified synthesis was used to make Fe–Al–O binary oxide NPs. The synthesis is
carried out in an oxygen-free three-necked round bottom flask. The overall ratio of metal
(2 mmol) to surfactant was kept constant. The ratio of iron to aluminium was varied in
such a way that both metals combined equals 2 mmol. In the general synthesis, HDD
(0.3877 g, 1.5 mmol), oleic acid (951.1 mL, 3 mmol) and oleylamine (987.1 mL, 3 mmol)
in benzyl ether (37.5 mL, 197.28 mmol) were used for each run. When all chemicals were
added, argon was flushed through the system to remove any oxygen. The system was then
heated to 200 ! C at a rate of 10 ! C/min. Once at 200 ! C, heating was held constant for
2 hours. After 2 hours, heating was increased to reflux at the same rate of 10 ! C/min.
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Once refluxing, heating was held constant for 1 hour. After 1 hour, heating was turned off
and the entire system was let to cool to room temperature. Ethanol (40 mL) was added to
the solution to precipitate out the NPs. The solution was then split into 50 mL centrifuge
tubes and centrifuged. The supernatant was discarded and ethanol (15 mL) was added to
each tube to wash the NPs. The samples were centrifuged and washed twice more, discarding the supernatant each time. After washing, the NPs were allowed to air-dry overnight
and then suspended in hexanes.

3. Results and discussion
As noted in Section 1, we have previously reported that the composition of cobalt–iron
oxide (Co–Fe–O) NPs (i.e. Fe:Co ratio) prepared by the thermal decomposition in benzyl
ether of Fe(acac)3 and Co(acac)2, in the presence of a mixture of oleic acid and oleylamine
surface capping ligands and HDD as an accelerating agent, is directly related to the composition of the metals in the precursor solution. However, the size and size distribution of
the NPs were found to depend on the relative concentration of oleic acid, oleylamine,
HDD and the metal precursor. To investigate the effect of reactant composition (M:M0 ),
we have maintained the relative concentration of each reactant, including the total concentration of the metal precursors. Thus, the mixed metal oxide NPs (M–Fe–O and M–M0 –
Fe–O) have been prepared using the appropriate M(acac)n precursors. The elemental composition of the isolated NPs has been determined by ICP-AES (and EDX), while the particle sizes have been measured by SAXS and transmission electron microscopy (TEM)
measurements.
The choice of the particular mixed metal compositions has been dictated by the desire
to gain information on the uniformity of NP compositions for catalyst [6,7] and tracer
applications. We have used Mn, Pd and Cu-doped Fe–O NPs as catalysts for the growth
of single-walled carbon nanotubes (SWNTs). Since the composition of the catalyst can
have a significant effect on the diameter and chirality of the SWNTs grown,[2–5] the more
uniform a catalyst the more narrow the distribution of SWNT that will be grown. Our
second application is for down-hole sensors for the oil and gas industry, in which the
temperature-dependant low-field magnetic susceptibility is used as an identification tool.
Small changes in composition will have a large change in the magnetic susceptibility. In
this regard, the Fe–Mn–Zn–O and Fe–Al–Gd–O compositions are of interest.

3.1. Fe–Mn–O NPs
Figure 1 shows the composition of Fe–Mn–O NPs, as determined by the ICP-AES,
prepared from various solutions of Fe(acac)3 and Mn(acac)2 (Table 1). Although the Mn
concentration generally increases with increasing the Mn(acac)2 precursor concentration
(Figure 1, solid line) less Mn is incorporated into the NPs (see difference between solid
and dashed lines in Figure 1). The composition was also determined for selected samples
using EDX as a comparison to the ICP-AES analysis. These data are shown as the open
squares in Figure 1. In general, the values are in agreement.
It should be recognised that ICP-AES analysis provides an average composition of the
isolated NPs. At the extreme case, ICP-AES does not differentiate between samples of NPs
that are solid solutions (i.e. Fe–Mn–O NPs) versus a mixture of NPs of different
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Figure 1. Atomic percentage of manganese incorporated into Fe–Mn–O NPs versus the amount Mn
(acac)2 used in the reaction. The ideal ratio is shown as dashed line.

compositions (i.e. Fe–O and Mn–O NPs). While it is also possible for composition to vary
within individual particles,[19] we are interested in the uniformity over a small range of NPs.
In this regard, a sample of the Fe–Mn–O NPs was spin coated onto a silicon wafer and the
Fe and Mn contents were determined over different regions of the sample using EDX.
Figure 2 shows the EDX analysis for samples 3, 4 and 9 of Fe–Mn–O; Figure 3 shows a representative example of the scanning electron microscopic (SEM) image associated with the
EDX analysis. As may be seen from Figure 2(a) and 2(b) at low Mn content, there is a variation of composition across various areas analysed. In addition, the values are lower than the
bulk analysis obtained by ICP-AES. At higher Mn content (Figure 2(c)), there is a wider
range of values from EDX, but the average (40.2% Mn) is the same as that of the ICP-AES
analysis (40.24% Mn). These results indicate that there is a range of Fe:Mn ratios between
each Fe–Mn–O NP. While the ICP-AES analysis represents an average of the whole sample,
individual particles can vary in composition as much as 30% (see Figure 2(c)).
The detailed mechanism of the synthesis of metal oxide NPs from M(acac)n precursors
at high temperature in organic solvents is not understood as clearly as the equivalent synthesis under hydrolytic conditions.[20] However, under the conditions used herein, there
are two general mechanistic pathways that should be considered: (1) the direct thermal
decomposition of the M(acac)n precursor and (2) ligand exchange between the M(acac)n
and the HDD (Equation (1)) with the subsequent thermal decomposition of the alkoxide
compound. The role of the oleic acid or oleylamine appears to be that of capping agents
on the surface of the growing NP; however, their role in the decomposition of the precusors cannot be discounted,
MðacacÞn þ HO$R$OH ! MðacacÞn$1 ðO$R$OHÞ þ acac$H:

ð1Þ
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Table 1. Summary of metal precursor composition for binary oxide NPs.
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Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Fe(acac)3
(mmol)

Mn(acac)2
(mmol)

0.675
0.6
0.525
0.45
0.375
0.3
0.225
0.1875
0.15
0.075
0.0375
1.98
1.96
1.94
1.92
1.90
1.88
0.7425
0.735
0.7275
0.72
0.7125
0.705
0.6975
0.69
0.6825
0.675
0.6
0.525
0.45
0.375
0.3
0.225
0.15
0.075
0.7425
0.735
0.72
0.705
0.66
1.00
0.50
0.33
0.25
1.60
1.32
1.00
0.66
0.40
0.90
0.80

0.075
0.15
0.225
0.30
0.375
0.45
0.525
0.5625
0.60
0.675
0.7125

Pd(acac)2
(mmol)

Cu(acac)2
(mmol)

Al(acac)3
(mmol)

Al(OiPr)3
(mmol)

Gd(acac)3
(mmol)

0.02
0.04
0.06
0.08
0.10
0.12
0.0075
0.015
0.0225
0.03
0.0375
0.045
0.0525
0.06
0.0675
0.075
0.15
0.225
0.3
0.375
0.45
0.525
0.6
0.675
0.0075
0.015
0.03
0.045
0.09
0.50
0.50
0.50
0.50
0.40
0.66
1.00
1.32
1.60
0.10
0.20
(continued)
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Table 1. (Continued)
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Sample
52
53
54
55
56
57
58
59
60
61

Fe(acac)3
(mmol)
0.70
1.0
0.60
0.50
0.50
0.40
0.33
0.25
0.30
0.20

Mn(acac)2
(mmol)

Pd(acac)2
(mmol)

Cu(acac)2
(mmol)

Al(acac)3
(mmol)

Al(OiPr)3
(mmol)

Gd(acac)3
(mmol)
0.30
0.50
0.40
0.50
0.50
0.60
0.50
0.50
0.70
0.80

Figure 2. EDX analysis of various areas of samples 3 (a), 4 (b) and 9 (c) that were spin-coated onto
silica. The value determined from ICP-AES is shown as dashed line.
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Figure 3. Representative SEM image of Fe–Mn–O NPs (sample 4) spin-coated onto a silica
substrate.

In consideration of the first reaction pathway, the thermal decomposition temperature of
Mn(acac)2 (248 ! C) is significantly higher than that of Fe(acac)3 (184 ! C) that would result in
the incorporation of Fe in preference to Mn that is observed. With regard to the ligand
exchange, it is difficult to find comparable data; however, a few general observations can be
made. In the solid state, Mn(acac)2 exists as the dehydrate, i.e. Mn(acac)2(H2O)2, with Jahn–
Teller distorted octahedral geometry as a consequence of its d5 valence state.[21] It is expected
that in the present reaction this geometry will be maintained in solution, albeit with solvent
(benzyl ether) or an appropriate ligands (oleic acid or oleylamine or HDD) as axial ligands.
Fe(acac)3 also has a Jahn–Teller distorted octahedral geometry.[22] While the presence of
three chelate ligands may be expected to stabilise the complex with regard to the ligand
exchange, ligand exchange for Fe(acac)3 is significantly faster than for other M(acac)3
complexes.[23] Thus, the preferential incorporation of Fe over Mn is expected based upon
the mechanisms understood to occur for M(acac)n formation of M–O NPs.
As shown in Figure 4, the Fe–Mn–O NP diameters and distributions, as measured by
SAXS, are relatively constant (within particle size distribution) as a function of either the
reaction composition or the composition of the isolated NPs. The SAXS data are in agreement with the TEM data (e.g. Figure 5), which give sizes for the NPs in samples 4 and 5 as
6 " 2 nm and 7 " 3 nm, respectively.
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Figure 4. Dependence of Fe–Mn–O NP size as a function of the metal precursor concentration.

3.2. Fe–Pd–O NPs
The composition of Fe–Pd–O NPs prepared from solutions of Fe(acac)3 and Pd(acac)2 is
shown in Figure 6. Although the Pd concentration generally increases with increasing
Pd(acac)2 precursor concentration, there is the same negative divergence from the reagent

Figure 5. TEM images of Fe–Mn–O NP prepared from Fe(acac)3:Mn(acac)3 ratio of (a) 60:40
(sample 4) and (b) 50:50 (sample 5), scale bar is 20 nm for each.
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Figure 6. Atomic percentage of palladium incorporated into Fe–Pd–O NPs versus the amount
Pd(acac)2 used in the reaction. The ideal ratio is shown as dashed line.

composition control that was observed in the Fe–Mn–O system. However, above 5% Pd,
this appears to be minimalised. As a comparison to the analysis using ICP-AES, the Fe:Pd
ratios were determined by EDX for samples drop-coated onto a silicon (see Section 2). As
can be seen from Figure 6, the EDX analysis is slightly higher in each case and shows variation between the spot areas analysed. Again this suggests a slight inhomogeneity in the
NPs.
The Fe–Pd–O NP diameters and distributions are relatively constant as a function of
the reaction composition (Figure 7). The TEM images of selected Fe–Pd–O NPs
(Figure 8) show no significant change in the size or shape with varying composition.

3.3. Cu–Fe–O NPs
Figure 9 shows the composition of Cu–Fe–O NPs prepared from solutions of Fe(acac)3
and Cu(acac)2. The Cu concentration increases with increasing Cu(acac)2 precursor concentration (solid line) and follows the ideal relationship (dashed line) closer than that
observed for the Fe–Mn–O NPs. Below ca. 70% Cu, the behaviour is similar to that of the
Fe–Mn–O system, i.e. iron incorporation is preferential over the copper. However, above
70% composition in the reagent solution, Cu is preferentially incorporated.
The particle size of the Cu–Fe–O NPs is generally larger with increased Cu content
(Figure 10); however, it is interesting to note that above ca. 60% the size alters significantly. This mimics the compositional trend shown in Figure 9. The TEM images show
that in addition to the changing size, the shape is a factor over 60% Cu. As seen in
Figure 11(a), at high Fe content the typical NPs are faceted; however, at high Cu composition the morphology is that of aggregates (Figure 11(b)) similar to the single-crystalline
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Figure 7. Dependence of Fe–Pd–O NP size as a function of the metal precursor concentration.

three-dimensional aggregates previously reported by Zhang et al. [24]. The size and size
distribution as measured by the TEM for sample 19 (7 ! 3 nm) are within the range measured by SAXS (6.8 ! 2.5 nm).
The decomposition temperature of the Cu(acac)2 is significantly higher (284 " C)
than that of Fe(acac)3 (184 " C), which would result in the incorporation of Fe in
preference to Cu. This is observed at low Cu(acac)2 concentrations, but less so that
with Mn(acac)2, which decomposes at a lower temperature than that of Cu(acac)2
(Fe < Mn < Cu). This suggest that, in the case of the Cu–Fe–O NPs, ligand exchange
reaction and subsequent decomposition are possibly more important than the thermal
decomposition. The Cu(acac)2 readily makes either mono or bis complexes with Lewis
bases,[25,26] and as such it is expected that in the present reaction mixture the HDD
or oleylamine (and possibly benzyl ether) would form complexes, and therefore, it is
these coordination compounds that must be considered to be the ‘precursor’ to the
formation of Cu–O fragments for NP growth. At high Cu content in the reaction
mixture (samples 33, 34 and 35), a preference for Cu–O NP is observed. This would
suggest that the growth around a Cu seed occurs preferentially with Cu rather than
with the incorporation of Fe.
The XRD of samples 19 and 34 was collected. The sample 19 (Fe:Cu ¼ 20:80) was
too amorphous to get a diffraction and only the background was observed. By contrast, the XRD of sample 34 shows broad peaks assignable as (220), (311), (400), (422),
(511) and (440) of magnetite (JCPDS file No. 19-0629), (see Figure
12(a)). From the
"
Scherrer equation, the crystalline domain size in sample 34 is 94 A: slightly larger than
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Figure 8. Representative TEM image of Fe–Pd–O NP prepared using a Pd(acac)2 concentration of
4% (sample 15).

!

for Fe–O NPs prepared by the same method (54 A from Figure 12(b)). The larger crystalline domain size is in agreement with a larger particle size observed with increased
Cu content (Figure 10). The fact that the magnetite peaks are not shifted suggests that
phase separation occurs rather than a solid solution. This appears to be consistent with
the TEM results.

3.4. Al–Fe–O NPs
The choice of a precursor with a very high thermal stability should force its incorporation
into a NP to be as a function of ligand exchange, and thus allow for a comparison of the
two processes. Al(acac)3 is thermally stable (257 ! C) and undergoes ligand exchange slowly
compared to Fe(acac)3.[23,27]
The attempted synthesis of Fe–Al–O NPs using Fe(acac)3 and Al(acac)3 showed less
Al incorporated into the NPs than expected. In fact, at very low Al:Fe ratios the majority
of samples had essentially no Al incorporated, while above an Al:Fe ratio of 0.5 the Al
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Figure 9. Atomic percentage of copper incorporated into Cu–Fe–O NPs versus the amount
Cu(acac)2 used in the reaction. The ideal ratio is shown as dashed line.

Figure 10. Dependence of Cu–Fe–O NP size as a function of the metal precursor concentration.
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Figure 11. TEM images of Cu–Fe–O NP formed from (a) Cu(acac)2:Fe(acac)3 ¼ 20:80 and
(b) Cu(acac)2:Fe(acac)3 ¼ 80:20.

Figure 12. XRD of (a) Fe–Cu–O NPs (sample 34) and (b) Fe–O NPs prepared by the same synthetic
method. The broad peak at 25" in (a) is due to the glass slide sample holder.
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Figure 13. Atomic percentage of aluminium incorporated into Al–Fe–O NPs versus the amount
Al(acac)3 used in the reaction. The ideal ratio is shown as dashed line.

content reaches a maximum of 17%. Increasing the amount of Al(acac)3 in the reaction
mixture results in less Al being incorporated into the NPs (see Figure 13).
The size and size distribution of the Al–Fe–O NPs were determined by SAXS. As can
be seen from Figure 14, the average size shows a general trend of increasing with decreased
iron content in the reaction mixture. Given the low levels of aluminium incorporated in the
final NPs, this is consistent with the prior results where a decreased metal precursor concentration results in larger NPs. Thus, it appears that the presence of the low reactive Al
(acac)3 behaves almost as a diluent in the formation of Fe–O NPs. Thus, at high Al(acac)3
concentrations in the reaction mixture, the size of the NPs formed is similar to that of
reducing the ‘active’ precursor concentration and hence the seed formation rate.
As expected with minimal Al incorporated into the NPs, the TEM images (Figure 15)
show little change in the size or shape of the particles. Furthermore, the d-spacing from
high resolution TEM images
is within the experimental error of those expected for magne!
tite (Fe–O) NPs (8.39 A).[28,29]
Given the high thermal stability and low rate of ligand exchange observed for Al(acac)3 it
is unsurprising that there is only minimal incorporation into the Al–Fe–O NPs. If ligand
exchange (Equation (1)) is a valid pathway, and the product of such an exchange would be a
metal alkoxide, then the use of an alkoxide precursor (with known ability to form the appropriate metal oxide) should enhance the incorporation of the metal into the NPs. In this
regard, aluminium alkoxides are well known as precursors for alumina NPs.[20,30] We therefore investigated the synthesis of Al–Fe–O NPs using mixtures of Fe(acac)3 and Al(OiPr)3.
Figure 16 shows the composition of Al–Fe–O NPs prepared from solutions of Fe
(acac)3 and Al(OiPr)3. The Al concentration increases with increasing Al(OiPr)3 precursor
concentration and follows the ideal relationship (dashed line) closer than that observed for
the Fe–Mn–O NPs. Furthermore, unlike the reactions with Al(acac)3 (see Figure 13) high
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Figure 14. Dependence of Al–Fe–O NP size as a function of the metal precursor concentration.

Al:Fe ratios can be achieved. The XRD of samples 45 and 48 was collected. Both show
broad peaks assignable as (220), (311), (400), (422), (511) and (440) of magnetite (JCPDS
file No. 19-0629). From
the Scherrer
equation, the crystalline domain size in sample 45
!
!
and sample 48 is 77 A and 92 A, respectively.
As noted above, the decomposition temperature and ligand exchange of Al(acac)3 as
compared to Fe(acac)3 make it impossible to create Al–Fe–O NPs with high Al content,
irrespective of the relative concentrations of the precursors in the reaction mixture. However, if an alternative Al precursor is employed that undergoes ligand exchange readily,
the result appears to be more comparable kinetics of decomposition under the present conditions, i.e. k[Fe(acac)3] " k[Al(OiPr)3].

3.5. Fe–Gd–O NPs
In the examples studied above, although the uniformity in composition of individual NP
may vary, the ICP-AES analysis of multiple samples prepared with the same reagent composition is within the experimental error (see Figures 6 and 9). Thus, the reproducibility of
the reactions is high, allowing for predictability once the relationship between reagent
composition and NP analysis is understood. During our studies, we determined that such
reproducibility is not the case for the synthesis of Fe–Gd–O NPs.
Figure 17 shows the composition of Fe–Gd–O NPs prepared from solutions of Fe
(acac)3 and Gd(acac)3. While the gadolinium concentration in the isolated NPs generally
increases with increasing the Gd(acac)3 precursor concentration and straddles the ideal
relationship (Figure 17, dashed line), unlike the Co–Fe–O, Fe–Mn–O and Cu–Fe–O
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Figure 15. Typical TEM image of Al–Fe–O NPs with high resolution TEM image of an individual
particle inset.

systems there appears to be no clear trend to allow the prediction of the composition of the
final NPs from the reaction mixture. The thermal decomposition temperature of the Gd
(acac)3 (143 ! C) is slightly lower than that of Fe(acac)3 (184 ! C), which would be expected
to result in the preferential incorporation of Gd over Fe, this is not observed for the binary
(Fe–Gd–O) NPs, while it is observed for the ternary (Al–Fe–Gd–O) NPs (see below).
Initially, the poor correlation was assumed to be an issue with either the ICP-AES
standards and/or the digestion process.[31] Consequently, several samples were reanalysed using the freshly prepared calibration solutions and with increased digestion
times. Table 2 and Figure 17 show that irrespective of the ICP-AES protocol the compositional analysis remains within ca. 5%. However, repeating reactions multiple times gave
different Gd:Fe ratios, e.g. 50% Gd (Figure 17 and Table 2). This suggests that while the
analysis is accurate and representative, the composition depends on both the reagent ratio
and other factors. To explore these variations we performed the reaction using the same
precursor (and reagent) ratios but different reaction sequences.
Two batches of Fe–Gd–O NPs (sample 52) were prepared with different reaction protocols. In one version, the solvent was preheated to 200 ! C, the metals, HDD, oleic acid
and oleylamine were mixed separately and added. In a second route, the solvent and the
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Figure 16. Atomic percentage of aluminium incorporated into Al–Fe–O NPs versus the amount
Al(OiPr)3 used in the reaction. The ideal ratio is shown as dashed line.

Figure 17. Atomic percentage of gadolinium incorporated into Fe–Gd–O NPs versus the amount
Gd(acac)3 used in the reaction. The ideal ratio is shown as dashed line. The use of open squares
allows for repetitive analysis of the same sample.

Journal of Experimental Nanoscience

19

Table 2. Repetitive ICP-AES analysis of various Fe–Gd–O NPs
showing analytical reproducibility.
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Gd(acac)3 (%)
33.33
40.00
50.00
50.00
60.24
66.67
70.00
80.00

Gd composition from ICP-AES (%)
25.06, 25.39, 26.66
26.09, 27.32
70.25, 71.06, 72.18
15.51, 14.80, 14.74
14.17, 15.05, 16.26
15.93, 14.74
62.83, 64.01, 64.06
67.82, 68.69, 70.77

metal complexes were preheated to 200 ! C and then the oleic acid and oleylamine were
subsequently added. In each of these cases, the Gd analysis was 5.30% and 5.90%, respectively, as compared to 15.03% when all the reagents are heated together. This suggests that
for the Fe–Gd–O system the composition of the resulting NPs is very dependent on the
small variations in the reaction conditions, e.g. rate of heating, mixing rates, etc.
The size and size distribution of the Fe–Gd–O NPs were determined by SAXS. As may
be seen from Figure 18 the average size ranges from 5 to 7 nm for reactions mixtures with
an Fe:Gd < 0.6. At higher Gd concentrations, the size shows a general trend of increasing
with decreased iron content. A comparison of the size as a function of Gd in the reaction
mixture or the isolated NPs shows that the particle size is controlled by the reaction composition rather than the product composition.

Figure 18. Dependence of Fe–Gd–O NP size as a function of the metal precursor concentration.
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We note that Fe–Gd–O NPs have recently been shown to be effective for tumour therapy via magnetic field hyperthermia.[32] However, in this case the Gd composition was
< 1%, and the synthesis was with the appropriate chlorides (FeCl3, FeCl2 and GdCl3) in
an aqueous sol–gel reaction.

3.6. Fe–Mn–Zn–O NPs
For ternary oxide mixtures, the issue of compositional control is further complicated.
Mixed ferrites have been previously reported with using MnCl2, ZnSO4 and FeCl3 as the
precursors.[33] As with this prior work, the iron-precursor concentration was maintained
constant, while the relative amounts of the Mn and Zn precursors [Mn(acac)2 and
Zn(acac)2, respectively] were varied (see Table 3). As may be seen from the data in
Figure 19, the composition of the resulting NPs, as measured by the Mn:Zn ratio, closely
follows the ratio of the precursors, thus, allowing for the reproducible synthesis of NPs
with desired composition. Furthermore, this suggests that the relative reaction rates of
Mn(acac)2 and Zn(acac)2 are similar despite the differences in thermal stability (248 ! C
versus 135 ! C–138 ! C, respectively). Zn(acac)2 is only a monomer in the vapour phase and
is a trimer in the solid state, i.e. Zn3(acac)6, in which each Zn ion is coordinated by five
oxygen atoms in a distorted trigonal bipyramid structure.[34,35] It is therefore interesting
that despite the different thermal stability and differences in structure that would be
expected to alter the relative reactivity, the incorporation of Mn and Zn is predictable.
The size and size distribution of the Fe–Mn–Zn–O NPs were determined by SAXS for
all the compositions prepared. As may be seen from Figure 20, the average size ranges
from 6 to 8 nm; however, the variation is within the size distribution. Thus, the size of the
NP shows no significant dependence on the relative ratio of manganese and zinc. This is
further supported by the TEM analysis of the NPs as shown in Figure 21. While the size

Table 3. Summary of metal precursor composition for ternary oxide NPs.
Sample number
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

Fe(acac)3
(mmol)

Mn(acac)2
(mmol)

Zn(acac)2
(mmol)

2.00
2.00
40
1.33
1.33
1.33
1.33
1.33
1.33
1.33
1.33
1.33
1.00
0.50
0.33
0.25

0.65
0.35
13
0.066
0.132
0.198
0.264
0.330
0.396
0.462
0.528
0.594

0.35
0.65
7
0.594
0.528
0.462
0.396
0.330
0.264
0.198
0.132
0.066

Al(acac)3
(mmol)

Gd(acac)3
(mmol)

0.50
0.50
0.50
0.50

0.50
0.50
0.50
0.50
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Figure 19. The ratio of Mn:Zn incorporated into Fe–Mn–Zn–O NPs as determined by ICP-AES
versus the ratio of Mn(acac)2:Zn(acac)2 used in the reaction (R2 ¼ 0.964). Ideal ratio is shown as
dashed line.

Figure 20. Dependence of Fe–Mn–Zn–O NP size as a function of the ratio of Mn(acac)2:Zn(acac)2
used in the reaction.
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Figure 21. Examples of typical TEM images of Fe–Mn–Zn–O NP prepared using (a) Mn:Zn 0.9:0.1
and (b) Mn:Zn 0.2:0.8.

and size distribution of the NPs appear unaffected by the composition, their shape is less
regular for those with higher Mn content. This result is distinct from the previous work by
Arulmurugan et al. [33], which showed that the particle size decreased with the increased
Zn content. The XRD of samples 62, 67, 69 and 71 shows magnetite !phase across all the
compositions
(Figure 22). The crystalline domain sizes range from 59 A (sample 62) to 123
!
A (sample 67).

Figure 22. XRD of Fe–Mn–Zn–O NP (sample 62).

Downloaded by [Fondren Library, Rice University ], [Andrew R. Barron] at 12:46 26 November 2013

Journal of Experimental Nanoscience

23

Figure 23. The Al:Fe:Gd composition of the Al–Fe–Gd–O NPs as determined by ICP-AES (&)
compared to the composition of the M(acac)n precursors used (&) in the reaction (R2 ¼ 0.964).

3.7. Fe–Al–Gd–O NPs
As the Mn and Zn precursors appear to be incorporated into NPs, at an equal rate, investigation of a ternary mixture where the metals appear to show highly different rates is
instructive. As discussed above, aluminium shows low incorporation, while gadolinium is
easily incorporated (albeit with a variability). Thus, the composition of Al–Fe–Gd–O NPs
was investigated. Figure 23 shows the Al:Fe:Gd composition of both the precursor solution (Table 3) and the NP composition. The plot shows that in all cases the NP composition is higher in Gd and lower in Al than that expected from the reaction mixture.
Furthermore, at low Fe(acac)3 concentration the isolated NPs appear to be Gd2O3.
The size and size distribution of selected Al–Fe–Gd–O NPs were determined by SAXS.
The size increased (from 7.57 to 11.157 nm) with decreasing Fe content; however, the distribution remained constant (! 1.63 nm).

4. Conclusions
We have investigated the ability to control the composition (and compositional uniformity) of mixed metal oxide NPs through the ratio of reagents in the reaction mixture. As
seen from Table 4, there is compositional control for most of the NPs; however, the
predictability is not necessarily a direct correlation (ratio of reagents ¼ ratio in NP),
instead once a calibration curve is obtained, a specific desired composition can be attained.
It appears that where the kinetics of decomposition of the various metal precursors is similar then a direct correlation is obtained (e.g. Co–Fe–O, Cu–Fe–O and Fe–Mn–Zn–O);
however, where the reactivity is slightly different, a deviation (albeit predictable) from the
ideal is observed (e.g. Fe–Mn–O). However, when the reaction rate for one precursor is
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Table 4. Summary of compositional control for Fe–M–O and Fe–M–M0 –O NP synthesis using
Fe(acac)3 as the iron precursor.
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Desired NP
Fe–Mn–O
Co–Fe–O
Fe–Pd–O
Cu–Fe–O
Al–Fe–O
Al–Fe–O
Fe–Gd–O
Fe–Mn–Zn–O
Fe–Al–Gd–O

Metal precursor

Compositional control

Mn(acac)2
Co(acac)2
Pd(acac)2
Cu(acac)2
Al(acac)3
Al(OiPr)3
Gd(acac)3
Mn(acac)2, Zn(acac)2
Al(acac)3, Gd(acac)3

Yes
Yes [18]
Yes
Yes
No
Yes
No
Yes
No

vastly different from the other (e.g. Al(acac)3 versus Fe(acac)3), then alternative precursors
(e.g. Al(OiPr)3) must be used.
It is also important to note that since the particle size and shape may remain unchanged
over a wide composition range, this cannot be used solely along with bulk analysis to
ensure that the desired composition has been obtained across all the NPs in the sample, i.e.
homogeneity is not guaranteed because the overall composition is that desired. As such
researchers should be cautioned in assuming uniform composition.
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