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Abstract
Synthesis and Application of Graphene Based Nanomaterials
by

Zhiwei Peng
Graphene, a two-dimensional sp2-bonded carbon material, has recently attracted
major attention due to its excellent electrical, optical and mechanical properties. Depending
on different applications, graphene and its derived hybrid nanomaterials can be synthesized
by either bottom-up chemical vapor deposition (CVD) methods for electronics, or various
top-down chemical reaction methods for energy generation and storage devices.
My thesis begins with the investigation of CVD synthesis of graphene thin films in
Chapter 1, including the direct growth of bilayer graphene on insulating substrates and
synthesis of “rebar graphene”: a hybrid structure with graphene and carbon or boron nitride
nanotubes. Chapter 2 discusses the synthesis of nanoribbon-shaped materials and their
applications, including splitting of vertically aligned multi-walled carbon nanotube carpets
for supercapacitors, synthesis of dispersable ferromagnetic graphene nanoribbon stacks
with

enhanced

electrical

percolation

properties

in

magnetic

field,

graphene

nanoribbon/SnO2 nanocomposite for lithium ion batteries, and enhanced electrocatalysis
for hydrogen evolution reactions from WS2 nanoribbons. Next, Chapter 3 discusses
graphene coated iron oxide nanomaterials and their use in energy storage applications.
Finally, Chapter 4 introduces the development, characterization, and fabrication of laser
induced graphene and its application as supercapacitors.
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Chapter 1 Chemical Vapor Deposition Growth
of Graphene
This chapter was entirely copied from references 1, 2, 3, 4.

1.1. Introduction
Since its first isolation in 2004, graphene has garnered enormous interest because
of its promising electronic applications.5-8 Intense effort has been put into the study of
graphene-based thin film materials with different structures in order to improve the desired
properties. Unlike monolayer graphene, bilayer graphene is particularly interesting because
it has a tunable bandgap, thereby being more attractive for many electronic and optical
device embodiments.9 For such applications, uniform-thickness and large-size bilayer
graphene films on insulating substrates are desirable. However, the present growth methods
either need an additional lift-off step to transfer graphene from the metal catalyst surfaces
to the insulating substrates, such as in chemical vapor deposition (CVD) and solid carbon
source synthesis methods,10-14 or they have difficulty yielding uniform bilayer graphene
films directly on insulating substrates, as in epitaxial growth methods from SiC.15-20
Pristine monolayer graphene is a semimetal and demonstrates zero bandgap electronic
structure, limiting its electronic and optical applications. Progress has been made in
opening the bandgap of graphene, including using special substrates or defining nanoscale
1

graphene ribbons.21-23 Another method to modify the bandgap structure of graphene is to
periodically replace the carbon atoms in the graphene matrix with heteroatoms such as
nitrogen and boron.13 Recent discoveries demonstrate that a widely tunable bandgap can
be realized in bilayer graphene9 and bilayer graphene−BN heterostructures,24 which opens
a new door for applications of graphene in electronic and optical devices.
On the other hand, since many of the rapidly realizable targets for graphene
materials have been reached, researchers have now started to address the remaining
challenges by combining graphene with other materials.25-31 For example, graphene and
hexagonal boron nitride (h-BN) lateral heterostructures have been successfully synthesized
for the design of atomically thin circuitry.26 Vertically stacked graphene/h-BN hybrids can
be directly used for the fabrication of high-mobility graphene transistors.27,28 Most recently,
we have shown the synthesis of 3D graphene/vertical carbon nanotube (CNT) seamless
structures for energy storage and field-emission emitters.29,30 However, the studies of
planar CNT/graphene or boron nitride nanotube (BNNT)/graphene hybrids are limited.

1.2. Direct Growth of Bilayer Graphene on Insulating Substrates
Here we demonstrate a general transfer-free method to directly grow large areas of
uniform bilayer graphene on insulating substrates (SiO2, h-BN, Si3N4 and Al2O3) from
solid carbon sources such as films of poly(2-phenylpropyl)methysiloxane (PPMS),
poly(methylmethacrylate) (PMMA), polystyrene (PS), and poly(acrylonitrile-cobutadiene-co-styrene) (ABS), the latter leading to N-doped bilayer graphene due to its
inherent nitrogen content. Or, the carbon feeds can be prepared from a self-assembled
monolayer (SAM) of butyltriethoxysilane atop a SiO2 layer. The carbon feedstocks were
2

deposited on the insulating substrates and then caped with a layer of nickel. At 1000 °C,
under low pressure and a reducing atmosphere, the carbon source was transformed into a
bilayer graphene film on the insulating substrates. Alternatively, bilayer graphene thin film
can also be grown directly on SiO2 substrates by the diffusion and precipitation of carbon
in nickel layers. The carbon sources come from either solid polymer films of PMMA, high
impact polystyrene (HIPS), or ABS or gas flow of methane on the top side of nickel layers.
In this case, when the samples were annealed under Ar/H2 flow and at 1000 °C, the carbon
sources decomposed and the carbon dissolved and diffused into the nickel layer and
deposited on both sides of the nickel to form graphene upon cooling. The Ni layer was
removed by dissolution affording the bilayer graphene directly on the insulator with no
traces of polymer left from a transfer step.

3

Figure 1.1. Synthetic protocol and spectroscopic analysis of bilayer graphene.
(a) Bilayer graphene is derived from polymers or SAMs on SiO2/Si substrates by annealing
the sample in an H2/Ar atmosphere at 1,000 ºC for 15 min. (b) Raman spectrum (514 nm
excitation) of bilayer graphene derived from PPMS. See text for details. (c) Bilayered 2D
peaks were split into four components: 2D1B, 2D1A, 2D2A, 2D2B (yellow peaks, from left to
right).32-33 (d-e) Two-dimensional Raman (514 nm) mapping of the bilayer graphene film
(112 × 112 μm2). The color gradient bar to the right of each map represents the D/G peak
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ratio (d) or G/2D peak ratio (e) showing ~90% bilayer coverage. The scale bars in d and e
are 20 µm.

The scheme of direct growth of bilayer graphene on insulating substrates is shown
in Figure 1.1a. Here, SiO2 (500 nm)/Si++ and PPMS were used as the insulating substrate
and the carbon source, respectively. The SiO2/Si++ wafer was cleaned with oxygen-plasma
and piranha solution (4:1 sulfuric acid:hydrogen peroxide). Then, a PPMS film (~4 nm
thick) was deposited on the SiO2 by spin-coating 200 μL of PPMS solution in toluene (0.1
wt %) at 8000 rpm for 2 min. A 500-nm Ni film was deposited on top of the PPMS film
using a thermal evaporator (Edwards Auto 306); the Ni was used as the metal catalyst for
graphene formation. At a temperature of 1000 °C for 7 to 20 min, with a reductive gas flow
(H2/Ar) and under low pressure conditions (~7 Torr), a 1-cm2 homogeneous bilayer of
graphene was synthesized between the insulating substrate and the Ni film. Marble’s
reagent was used to dissolve the Ni layer. The end result was that bilayer graphene was
directly synthesized on the insulating surface, eliminating the transfer process. Instead of
using a polymer film, a SAM of butyltriethoxysilane was made on the SiO2. Using the same
Ni deposition and growth conditions, a bilayer of graphene was formed.
Raman spectroscopy was used to identify the number of layers and to evaluate the
quality and uniformity of graphene derived from PPMS on a SiO2/Si++ substrate. Figure
1.1b shows the Raman spectrum of the PPMS-derived graphene, which is characteristic of
10 locations recorded over 0.5 cm2 of the sample. The two most pronounced peaks in the
spectrum are the G peak at ~1,580 cm-1 and the 2D peak at ~2,700 cm-1. The full-width-athalf maximum (FWHM) of 2D peak and the IG/I2D peak intensity ratio for bilayer graphene
5

are significantly different from monolayer graphene and few-layer graphene14, 32-33. Figure
1.1b shows that the FWHM of the 2D peak is about 50 cm-1 and the intensities of the G
peak and 2D peak are comparable. Furthermore, the 2D peak in Figure 1.1b displays an
asymmetric lineshape and can be well-fitted by four components: 2D1B, 2D1A, 2D2A, 2D2B
(Figure 1.1c, yellow peaks, from left to right), individually with FWHM of 30 to 35 cm− 1.
This data indicates that the PPMS-derived graphene is indeed bilayered32-33.
The D peak (1,350 cm-1) corresponds to defects in the graphene film. Figure 1.1b
shows that the D peak is very low (ID/IG < 0.1), indicating few defects in the PPMS-derived
graphene. The quality of PPMS-derived graphene over the large area was demonstrated by
Raman mappings of the D to G peak ratio (Figure 1.1d). Areas of 112 ×112 µm 2 were
investigated. In the green and black regions (Figure 1.1d), the D/G peak ratio is below 0.1,
suggesting that high-quality graphene covers ~95% of the surface.13 The quality of PPMSderived graphene was further confirmed by the low sheet resistance of the graphene film,
which is ~2000 Ω sq-1 by the four-probe method.13 The uniformity and the coverage of
PPMS-derived bilayer graphene were illustrated by the Raman mappings of the G to 2D
peak ratio (Figure 1.1e). Again, an area of 112 ×112 µm2 was investigated and the bilayer
region was identified by areas IG/I2D valued of ~ 1.11,32-33 The blue region in Figure 1.1e is
bilayer graphene, suggesting bilayer coverage of ~90%.

6

Figure 1.2. TEM analysis of PPMS-derivedbilayer graphene.
(a-b) Low-resolution TEM images showing bilayer graphene films suspended on a TEM
grid. (c) Hexagonal SAED pattern of the bilayer graphene with a rotation in stacking of 5°
between the two layers. (d) HRTEM picture of PPMS-derived graphene edges. The PPMSderived graphene was 2 layers thick at random exposed edges.
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TEM was further used to confirm the bilayer nature of the obtained graphene
samples. Although, the PPMS-derived graphene does not need to be transferred to another
substrate in order to be used in most applications, the graphene film was peeled from the
SiO2/Si++ substrates using buffered oxide etch (BOE) for TEM measurements. TEM
images of the pristine PPMS-derived graphene and its diffraction pattern are shown in
Figure 1.2. The suspended graphene films on the TEM grids are continuous over a large
area as seen under low-resolution TEM (Figure 1.2a and 2.2b). The select area electron
diffraction (SAED) pattern in Figure 1.2c displays the typical hexagonal crystalline
structure of graphene. A 5°rotation is found between the two layers, suggesting non-AA
or AB-stacked bilayer graphene films. The diffraction analysis over a large area shows that
most of the area of the bilayer film has twisted angles having values between 0°and 30°,
correlating with that of the IG/I2D Raman mapping and the statistics of the FWHM of Raman
2D peak. In the bilayer region, only a small portion (3-5%) appears to be Bernal (AB)
stacked. The layer count on the edges indicates the thickness of this PMMA-derived
graphene. The edge in Figure 1.2d is randomly imaged under TEM and most is bilayer
graphene, which corroborates the Raman data and further confirms the bilayer nature of
this material.
The electrical properties of the obtained graphene were evaluated with back-gated
graphene-based field-effect transistor (FET) devices on a 500-nm-thick SiO2 dielectric.
The drain-source current was modulated by applying a back gate voltage. Standard
electron-beam lithography and lift-off processes were used to define the source and drain
electrodes (30-nm-thick Au) in the graphene devices. Graphene stripes (10 µm wide) were
further defined by oxygen-plasma etching. Typical data for the FET devices are shown in
8

Figure 1.3a. The PPMS-derived graphene FET shows an ambipolar behavior, which is
similar to that of CVD-grown graphene.10-14 For this particular device, the carrier (hole)
mobility estimated from the slope of the conductivity variation with respect to the gate
voltage is ~220 cm2 V-1 s-1 at the room temperature. In the experiments, more than five
devices were made, with the mobilities of approximately 220, 180, 150, 130 and 120 cm 2
V-1 s-1 at room temperature.

Figure 1.3. Electrical properties of PPMS-derived graphene and spectroscopic
analysis of graphene from different carbon sources and different substrates.
(a) Room temperature IDS-VG curve from a PPMS-derived bilayer graphene-based backgated FET device. IDS, drain-source current; VG, gate voltage; VDS, drain-source voltage.
(b) Difference in Raman spectra from PMMS-derived bilayer graphene samples prepared
9

from different thicknesses of the starting PPMS film. (c) Raman spectra of graphene
derived from PS, PMMA, ABS and the SAM made from butyltriethoxysilane. (d) Raman
spectra of graphene derived from PPMS on h-BN, Si3N4 and Al2O3 (sapphire).

The top Ni surface was analyzed after the reaction and it indeed had its own
graphene layer, and it often appeared by Raman analysis to be a bilayer, though the signal
is more difficult to analyze when on metal. Hence, some carbon below the Ni had diffused
through the 500-nm-thick Ni film and formed a top graphene bilayer (Figure 1.4). In one
case, we treated the top bilayer graphene film with UV-ozone (directed at the top-surface
of the Ni), thereby destroying the top-bilayer graphene as verified by Raman analysis
(Figure 1.5). After Ni dissolution, the bottom graphene bilayer was pristine. Hence, this
excludes the possibility that the graphene on top of the Ni drops to the bottom surface after
the Ni dissolution.

10

Figure 1.4. The scheme for the proposed growth mechanism of PPMS-derived bilayer
graphene.
The PPMS film decomposed and dissolved into the Ni film during the annealing process
(1000 °C). When the sample was removed from the hot-zone of the furnace and cooled to
room temperature, the part of that carbon that dissolved in the bulk metal precipitated from
the both sides of the Ni to form graphene on both the top and the bottom of the Ni layer.

We propose a limited carbon source precipitation process for the growth
mechanism of the polymer and SAM-derived bilayer graphene. In the CVD method, the
thickness of graphene is difficult to control when using Ni as the substrate due to the
continuous supply of carbon and the high solubility of carbon in Ni.10,12 In our present
method, the amount of feed carbon is limited and fixed between the insulating substrate
and the Ni film at the start of the experiment. The amount of carbon in the 4-nm-thick
PPMS film corresponds to ≤ 20% of the saturated carbon concentration in a 500-nm-thick
Ni-film at 1000 °C.34 As illustrated in Figure 1.4, the 4-nm-thick PPMS film decomposed
and dissolved into the Ni film during the annealing process. When the sample was removed
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from the hot-zone of the furnace and rapidly cooled, graphene films precipitated from the
Ni. The sub-saturated carbon concentration in the Ni film facilitates the growth of bilayer
graphene rather than few-layer graphene.35

Figure 1.5. Raman spectra analysis of PPMS-derived bilayer graphene.
(a) The schematic for the formed graphene on both sides of Ni layers. (b) Raman spectra
of graphene on the top surface of Ni. (c) Raman spectra of damaged graphene on the top
surface of Ni after UV-ozone exposure for 15 min. (d) Raman spectra of graphene on
SiO2/Si++ after removal of Ni layer. All of the three Raman spectra are characteristic of 10
locations recorded over 0.5 cm2 of the samples.

According to the above proposed mechanism, the amount of carbon in PPMS films
will affect the graphene growth. Indeed, we controlled the thicknesses of PPMS films by
adjusting the concentrations of PPMS-film-forming solutions; the thicknesses of PPMS
films were determined by ellipsometry. A 200 µL sample with a concentration of 0.025,
0.1, 0.5 and 1 wt% of PPMS in toluene yielded thicknesses of approximately 1.5, 4, 10 and
20-nm-PPMS films, respectively, at spin-coat rates of 8,000 rpm. Figure 1.3b shows that

12

4-nm-thick PPMS film was the optimal thickness for the growth of high-quality bilayer
graphene (the red curve in Figure 1.3b). When the thickness of PPMS film was 1.5 nm, the
amount of carbon in the related PPMS-film is apparently not enough for the formation of
graphene (Figure 1.3b). Too much carbon caused the growth of multilayer graphene with
increased defects. Interestingly, the amount of carbon in ~ 4-nm-thick film of PPMS is very
similar to the amount of carbon in four layers of graphene where there is a bilayer below
the Ni and an approximate bilayer above the Ni. When this amount of carbon is exceeded,
multilayers and amorphous carbons are formed. When the amount of carbon is insufficient,
discontinuous graphene films are formed (Figure 1.3b).
For the SAM, we used butyltriethoxysilane as the precursor to make a carbon layer
on SiO2. Figure 1.3c shows that the SAM was successfully transformed into bilayer
graphene. The sheet resistance was similar to that of PPMS-derived graphene at ~2000 Ω
sq-1. Other polymers, PS, PMMA and ABS, were used as carbon feed sources for the direct
growth of graphene on insulating substrates. We selected SiO2/Si++ (500 nm SiO2) as the
substrate and the reaction conditions were the same as those used for the PPMS-derived
graphene. The Raman spectra in Figure 1.3c indicated that all these carbon sources were
transformed into bilayer graphene when their thicknesses were fixed at ~4 nm. For PMMA
and ABS, the Raman spectrum of the obtained graphene showed slightly larger D peaks
(Figure 1.3c). In ABS, where N-doped bilayer graphene is obtained, a larger D peak is
expected due to the broken lattice symmetry.13 The sheet resistance for PMMA-derived
graphene was ~3000 Ω sq-1 and the sheet resistance for ABS-derived graphene was ~5000
Ω sq-1, larger than that of PPMS-derived graphene. For PS-derived graphene, the low-D
peak demonstrates the high quality of the obtained graphene film. Its sheet resistance is
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~2000 Ω sq-1, similar to that of the PPMS-derived graphene. This can be further understood
in that PS only contains carbon and hydrogen.
Using similar conditions, bilayer graphene was also synthesized on several other
insulating substrates, thereby underscoring the universality of this direct bilayer graphene
growth. The conditions were kept the same as those used for graphene growth on SiO2
substrates except for replacing the insulating substrates with hexagonal boron nitride (hBN), Si3N4 or Al2O3 (sapphire). Large area h-BN was synthesized by CVD of ammonia
borane on copper36 and then transferred onto the SiO2/Si. After annealing Ni/PPMS/hBN/SiO2/Si at 1000 °C for 15 min and dissolving Ni, Raman spectra of the film had G peak
and 2D peak signals with comparable intensities, demonstrating the successful synthesis of
bilayer graphene on h-BN (Figure 1.3d). While pure h-BN is non-conductive,36 the sheet
resistance of the obtained graphene/h-BN hybrid film was ~2000 Ω sq-1, measured by the
four-probe method. Graphene films were also synthesized on Si3N4 or Al2O3 as shown in
Figure 1.3d. The sheet resistances of the graphene films on these substrates were both
~2000 Ω sq-1.
Alternatively, bilayer graphene thin film can also be grown directly on SiO2
substrates by the diffusion and precipitation of carbon in nickel layers. The carbon sources
come from either solid polymer films of PMMA, HIPS, or ABS or gas flow of methane on
the top side of nickel layers. When the samples were annealed under Ar/H2 flow and at
1000 °C, the carbon sources decomposed and the carbon dissolved and diffused into the
nickel layer and deposited on both sides of the nickel to form graphene upon cooling. After
etching away the nickel, bilayer graphene was obtained directly on the SiO2 substrates.
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Figure 1.6. Schematics of the growth of bilayer graphene from a solid carbon source.
A 400-nm nickel film was thermally evaporated onto SiO2 substrate, followed by the spincoating of polymers on the nickel. After annealing samples at 1000 °C under a reductive
Ar/H2 pressure for ~10 min, and then etching away the nickel, bilayer graphene is obtained
directly on SiO2. The polymer film formation can be replaced by exposure to methane
during the annealing step.

Figure 1.6 illustrates the procedure for the growth of bilayer graphene directly on
the SiO2 substrate. The SiO2 substrate was cleaned with oxygen-plasma and Piranha
solution (4:1 sulfuric acid:hydrogen peroxide), and then a 400-nm-thick nickel film was
thermally evaporated onto the top of the SiO2 substrate used as the metal catalyst. Either
solid polymers (PMMA, HIPS or ABS) or gas phase methane were used as carbon sources
for the transfer-free growth of bilayer graphene. For the solid carbon source, the polymers
were spin-coated onto the top of the nickel film, followed by annealing samples at 1000 °C
for ~10 min with a reductive gas flow (H2/Ar) under low pressure conditions (~7 Torr).
For the gas carbon source, methane was used during the annealing process under ambient
15

pressure. Detailed growth procedures are summarized in the experimental section. During
the annealing process, the carbon sources decomposed, and dissolved and diffused in the
nickel film. Upon fast cooling, carbon precipitated from the nickel film and formed
graphene on the both sides of the nickel film. After dissolving away the nickel film together
with graphene on its top using Marble’s reagent, bilayer graphene was obtained directly on
the SiO2 substrate, eliminating any transfer process.

Figure 1.7. Raman spectra of PMMA-derived bilayer graphene.
(a) Typical Raman spectrum of PMMA-derived bilayer graphene. The inset shows that 2D
peak can be deconvoluted into four components: 2D1B, 2D1A, 2D2A and 2D2B from the left
to the right. (b) G/2D peak ratio mapping of the PMMA-derived bilayer graphene film
over 100×100 µm2 area. (c) D/G peak ratio mapping of the PMMA-derived bilayer
16

graphene film over 100×100 µm2 area. (d) FWHM Raman mapping of the PMMA-derived
bilayer graphene film over 100×100 µm2 area. The scale bar in (b), (c) and (d) is 20 µm.

With PMMA used as the solid carbon source for the transfer-free growth of bilayer
graphene on SiO2, Raman spectroscopy was used to analyze the number of layers and the
quality of the graphene. Figure 1.7a is the typical Raman spectrum of the PMMA-derived
bilayer graphene on SiO2, showing that the G peak at ~1580 cm-1 and the 2D peak at ~2700
cm-1 are comparable in intensity, and the FWHM of the 2D peak is about 50 cm-1.
Furthermore, the 2D peak (the inset in Figure 1.7a) is asymmetric, and can be deconvoluted
into four small peaks: 2D1B, 2D1A, 2D2A and 2D2B, which correspond to four permissible
photon transitions in graphene.32-33,37 The 2D peak position, FWHM and shape, together
with G to 2D peak ratio, all indicate that PMMA-derived graphene on SiO2 is
bilayered.14,32-33,37-40 The small D peak at ~1350 cm-1 in Figure 1.7a suggests that PMMAderived bilayer graphene has few defects or symmetry broken sites. The high quality of
PMMA-derived bilayer graphene over large areas was demonstrated by the Raman
mapping of the D to G peak intensity ratio. Figure 1.7b shows that D to G peak ratio over
around ~99% area is below 0.1, suggesting the high quality of the obtained graphene film.
A four-probe measurement of the graphene film shows a sheet resistance of ~2000 Ω/sq,
which further confirms the high-quality of the PMMA-derived graphene film.21 The
uniformity and the coverage of PMMA-derived bilayer graphene was determined by the
Raman mapping of the G to 2D peak intensity ratio (Figure 1.7c) and FWHM (Figure 1.7d),
indicating that bilayer graphene coverage was ~80 %.
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Figure 1.8. TEM analysis of PMMA-derived bilayer graphene.
(a) Low-resolution TEM image showing bilayer graphene films over large area on a TEM
grid. (b) Hexagonal SAED pattern of the bilayer graphene that shows a rotation angle of
~12°between the two layers. (c) and (d) HRTEM images of bilayer graphene edges that
show two carbon layers.
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PMMA-derived bilayer graphene was further characterized by TEM. The graphene
film was removed from the SiO2 substrate using BOE and then transferred onto TEM grids
for further characterization. The suspended graphene films on the TEM grids are
continuous over a large area as shown in low-resolution TEM (Figure 1.8a). The SAED
pattern clearly shows two typical hexagonal crystalline structures of graphene with a small
θ. In Figure 1.8b specifically, θ is about 12o, but in other areas θ could be from 0o to 60o,
indicating that the obtained graphene layers are non-Bernal (non-AB) stacked together.
Although some area appears to be Bernal (AB) stacked by only one 6-fold symmetric
pattern, most of the bilayer graphene (~95%) are non-Bernal. However, we cannot
determine whether the angle results from transfer to the TEM grid or during the growth
process. Randomly imaged graphene edges (Figure 1.8c and 1.8d) show two carbon layers,
further verifying the bilayer nature of the graphene film.
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Figure 1.9. Raman spectroscopic analysis of graphene from different growth
conditions.
(a) Raman spectra of graphene on the top of nickel layer before and after UV-ozone
exposure, and graphene on the substrate after UV-ozone exposure and nickel removal. (b)
Raman spectra of PMMA-derived graphene by different metal catalyst.

A carbon diffusion mechanism is proposed for the growth mechanism of bilayer
graphene on SiO2 substrates. During the annealing process at 1000 °C, PMMA
decomposed, dissolved and diffused into the whole nickel film due to high solubility of
carbon in nickel. When the sample is removed from the hot zone of the furnace and rapidly
cools, carbon precipitates from both sides of the nickel layer to form graphene films. In
most cases, few-layer graphene was obtained on the top of nickel (see the black curve in
Figure 1.9a). However, after etching nickel films, bilayer graphene was obtained directly
on SiO2, as the constrained environment between the nickel film and the SiO2 substrate
apparently benefited the growth of bilayer graphene.
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A control experiment was conducted and shown in Figure 1.9a to demonstrate that
the graphene layer on the SiO2 is not from the top side of the nickel. The black curve in
Figure 1.9a shows that the graphene on the top side of the nickel has a small D peak with
ID/IG < 0.1. After being treated by UV-ozone for 15 min, the D peak increases, with ID/IG
~ 0.8, indicating the graphene film on the top of nickel was badly damaged. After etching
nickel film using Marble’s reagent, bilayer graphene with a small D peak was still obtained
on SiO2. From this control experiment, it is evident that the bilayer graphene on the SiO2
is indeed formed underneath the nickel layer and is not from the top of the nickel layer. As
a comparison, copper was also used as the catalyst for the transfer-free growth of graphene.
Here a 400-nm copper film was deposited on the SiO2 substrate, PMMA was used as the
carbon source, and other conditions are similar with that of nickel. However, after etching
copper film using Marble’s reagent, almost no carbon was obtained on the SiO2 substrate
(the black curve in Figure 1.9b). From this result it is apparent that carbon has too low of
a solubility in copper and it is difficult for carbon to diffuse below the copper film.41
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Figure 1.10. Raman spectra of bilayer graphene from different carbon sources and
UV-Ozone experiments.
(a) Raman spectra from of bilayer graphene films from different PMMA thicknesses by
adjusting spin-coating speeds. (b) Raman spectra of PMMA-derived graphene with
different thicknesses of nickel layers. (c) Raman spectra of PMMA-derived graphene
grown at different temperatures. (d) Raman spectra of HIPS-, ABS- and CVD-derived
bilayer graphene.

The above proposed growth mechanism of bilayer graphene was further supported
by the following experiments. The amount of PMMA on the top of the nickel was adjusted
by changing the spin-coating speed and its effect on the graphene growth was determined.
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Figure 1.10a demonstrates that all four spin-coating speeds led to the growth of bilayer
graphene on SiO2 substrates, suggesting that the constrained environments between nickel
films and SiO2 substrates plays a major role in the growth of bilayer graphene. However,
if none of carbon source was put on top of the nickel, nothing was obtained on the SiO2
under similar growth conditions. Meanwhile, the effects of nickel film thickness on bilayer
graphene growth were also investigated. Figure 1.10b shows that nickel film thickness has
a limited effect on the bilayer graphene growth since all three nickel film thicknesses, 400
nm, 250 nm and 170 nm, led to the formation of bilayer graphene on SiO2. However, when
the thickness of the nickel film was decreased below 170 nm, most of nickel evaporated
during the annealing process at 1000 °C and results in the growth of discontinuous
graphene with a large D peak.
Different annealing temperatures were also used for the growth of PMMA-derived
bilayer graphene. Figure 1.10c demonstrates that the lower limit of annealing temperature
for high-quality graphene growth is ~900 °C; when the annealing temperature was lowered
to 800 °C, the obtained bilayer graphene had a large D peak in the Raman spectrum, with
ID/IG ~ 0.7. Other polymers including HIPS and ABS were also deposited on the top of
nickel film and used as solid carbon sources for the transfer-free growth of graphene. The
Raman spectra in Figure 1.10d indicate that both HIPS and ABS lead to the formation of
bilayer graphene on SiO2 substrates. For ABS-derived graphene, a larger D peak is
observed with ID/IG ~0.2. This is because ABS contains nitrogen elements in its chemical
structure and results in the formation of nitrogen-doped graphene. A gas phase carbon
source, methane, was also used for the transfer-free growth of graphene on SiO2 substrates.
The blue curve in Figure 1.10d indicates that methane-derived graphene is also bilayered.
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This also indicates that the key factor for the growth of bilayer graphene is the constrained
environments between nickel films and SiO2 substrates instead of the amount of carbon
source.

1.3. Rebar Graphene – A Hybrid Structure with Carbon or Boron
Nitride Nanotubes
In this section, we describe the simple synthesis of planar graphene/CNT and
graphene/BNNT hybrid sheets. Just as macroscopic reinforcing bar (rebar) can toughen
materials, the planar graphene/CNT or graphene/BNNT is a toughened form of 2D material,
and it is termed here as “rebar graphene”.
The study of rebar graphene starts with the hybridization of 2D graphene and 1D
CNT. Using functionalized CNTs as raw materials on Cu foils, Figure 1.11a schematically
shows the process. Dodecyl-functionalized single wall carbon nanotubes (DF-SWCNTs)
were used to demonstrate the synthesis of rebar graphene. The SWCNTs were HiPcoproduced and purified,42 with diameters ranging from 0.8 nm to 1.2 nm, only slightly
thicker than monolayer graphene. DF-SWCNT chloroform solutions were prepared using
the method as reported (Figure 1.11b).43 The synthesis of rebar graphene was achieved as
follows. The DF-SWCNT solutions were dispersed on the pretreated Cu foils44 using a
spin-coater at 500 rpm for 10 s. Then, the Cu foils were loaded into a CVD furnace and
annealed for 15 min at 1080 °C with the flow rate of H2 at 50 sccm, the flow rate of Ar at
500 sccm, and the chamber pressure at 7 Torr. No exogenous carbon growth source was
added. After annealing, the Cu foils were quickly removed from the hot region of the CVD
chamber using a magnetic rod and then cooled to room temperature.
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Figure 1.11. Synthesis and spectroscopic analysis of rebar graphene sheets.
(a) The synthesis of rebar graphene sheets was achieved on Cu foils by heating
functionalized CNTs in a H2/Ar atmosphere at 1080 °C for 15 min. In this case, the asgrown graphene was polycrystalline.45 (b) A typical optical image of the DF-SWCNT
chloroform solution and the related structural models. (c) Raman spectra showing that
high-quality rebar graphene sheets were successfully synthesized by annealing DFSWCNT-covered Cu foils. The blue curve is a typical Raman spectrum of monolayer
graphene on Cu. The strong backgrounds of the Raman spectra are from the
photoluminescence of Cu. The Raman spectra were recorded using 514 nm excitation. (d
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and e) TEM and BF-STEM images indicating the formation of interconnected SWCNT
networks in rebar graphene sheets. (f) An atomic-resolution ADF-STEM image showing
the defect-free hexagonal lattice of monolayer graphene, indicating the high-quality
monolayer nature of the graphene in the rebar graphene sheets.

Raman spectroscopy was used to investigate the formation of rebar graphene on Cu
foils using 514 nm excitation. The black curve in Figure 1.11c is a typical Raman spectrum
of DF-SWCNTs deposited on Cu before annealing. The intensity ratio of the D band at
~1340 cm-1 to the G band at ~1590 cm-1 was ~ 0.5 and no obvious RBMs could be detected
at ~ 250 cm-1, indicating that sp2 structures of SWCNTs were distorted due to the covalent
bonds of the dodecyl groups.43 The red curve in Figure 1.11c is a representative Raman
spectrum of rebar graphene grown on Cu foils. The RBMs appear at ~ 250 cm-1 after
annealing. Moreover, the intensity ratio of the D to G bands decreased to less than 0.1,
indicating the presence of few sp3 carbon atoms or defects.46 During the annealing process,
SWCNTs could self-heal as the dodecyl groups thermally decomposed and become
graphene on Cu, enabling the formation of rebar graphene. The appearance of the RBMs
and the decrease of the intensity ratio of D to G bands in the annealed rebar graphene
support the suggestion of self-healing of SWCNTs. Moreover, in the 2D band, there is a
shoulder at ~ 2698 cm-1, related to the position of the 2D band of monolayer graphene on
Cu (the blue curve in Figure 1.11c), indicating the dominant monolayer nature of the
graphene in the as-made rebar graphene sheets. This was further confirmed by TEM
characterizations (vide infra). After annealing, the position of the C 1s peak moves from
284.9 eV to 284.5 eV, with an asymmetric tailing toward high bonding energy; the FWHM
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decreased to ∼ 0.8 eV from ~ 1.2 eV, indicating that the sp3-carbon structures in DFSWCNTs were transformed into sp2-carbon-based graphitic structures.47
As-produced rebar graphene was transferred onto c-flat TEM grids (Protochips) for
further characterization. Figure 1.11d and 1.11e are typical TEM and bright-field STEM
(BF-STEM) images, respectively, of suspended rebar graphene on TEM grids, indicating
that individually dispersed SWCNTs formed interconnected networks on continuous
graphene sheets to form a new 2D carbon material. More than 10 graphene locations in
rebar graphene were investigated using STEM. Typical atomic-resolution STEM images
are shown in Figure 1.11f, indicating low-defect hexagonal lattices of monolayer graphene.
These AR-STEM images, corroborating the above Raman analysis, further confirm the
high-quality monolayer nature of the graphene in the rebar graphene. Due to the different
chemical reactivities of graphene and SWCNTs,48,49 the rebar graphene might have
potential applications where the selective modification of graphene or SWCNTs is
exploited.
In recent research, the use of polymers such as PMMA and polydimethylsiloxane
(PDMS) as support layers has become unavoidable for isolating CVD-based graphene,11,5052

graphene-like 2D layered materials36,53 or in-plane graphene-based heterostructures26

from the catalyst metal substrates. Surface contaminations from polymer residues have
long-been a troublesome issue, limiting the analyses of the intrinsic properties of the carbon
materials and retarding their applications in surface chemistry, ultrahigh-speed electronics
and bio-devices. In this research, we found that the SWCNTs reinforced the rebar
graphene, thus enabling polymer-free transfers onto target substrates such as TEM grids
and SiO2/Si wafers. Figure 1.12a is a representative photograph of one rebar graphene
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sheet, floating on water containing 1 % butanol by volume. This free-standing rebar
graphene was ~1 cm × 1 cm in size, approximately one-atom-thick, not pre-coated with
any polymer and was ready to be transferred onto other substrates. The grown catalyst
substrate, Cu foil, was already etched away using an ammonium persulfate-based etchant
solution. Here, butanol was used to lower the surface tension of the water. The butanol
residue could be readily removed by vacuum treatment after transferring the rebar graphene
sheets onto target substrates. In a control experiment, we found that without the polymer
pre-coating, both conventional CVD polycrystalline graphene films and millimeter-sized
single-crystal graphene44 broke into small pieces using the same aqueous etchant
containing butanol when the substrates were etched away. This underscores that only the
rebar graphene hybrid structure can endure on water without destruction. Additionally,
TEM images in Figure 1.12b demonstrate that the non-polymer transferred rebar graphene
sheet had a cleaner surface than that of the PMMA-assisted transferred rebar graphene.
Polymer-free transfers could facilitate the uses of rebar graphene in transparent electrode
technologies and chemical modification strategies as in sensors and bio-devices where
trace impurities cause limitations.

28

Figure 1.12. CNT reinforcement in rebar graphene sheets.
(a) A free-standing rebar graphene sheet, highlighted in yellow at the corners, floating on
water with 1 % butanol by volume. The rebar graphene sheet is ~ 1 cm ×1 cm and not precoated with any polymers. (b) TEM images indicating that a conventional PMMA-assisted
transferred rebar graphene sheet is dotted with polymer residues (left) and the polymerfree transferred rebar graphene sheet that has a clean surface (right). (c and d) ADF-STEM
images of rebar graphene suspended on TEM grids, demonstrating that SWCNTs straddle
cracks and work to strengthen the rebar graphene sheet. This sample came from a water
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float that did not contain 1 % butanol to lower the surface tension, thus leading to the
formation of small cracks in rebar graphene; it is different than the sample in panel a. The
bright contrast in the graphene region originates from hydrocarbon contamination absorbed
from the air. (e) An atomic-resolution ADF-STEM image of the region of the SWCNT
indicated by the yellow region in panel d, showing a clear moirés pattern with a periodicity
at ~ 0.8 nm. (f and g) Structural models and simulated TEM images of the chiral SWCNT
(10, 4) and the chiral SWCNT (10, 3).

We used STEM to explore the reinforcement effects of SWCNTs in rebar graphene
transferred onto TEM grids using the polymer-free transfer method. Nanometer-sized
cracks could occasionally be found in the suspended rebar graphene sheets when butanol
was not used to lower the water surface tension. Figure 1.12c and 1.12d show typical
annular dark field STEM (ADF-STEM) images of those cracks. From the ADF-STEM
images, it is apparent that several individually dispersed SWCNTs straddle the crack,
restraining its further extension. Figure 1.12e shows an atomic-resolution ADF-STEM
image of the region of the suspended SWCNT in Figure 1.12d indicated by the yellow
section, showing a clear moirés pattern with a periodicity at ~ 0.8 nm. This indicates that
the SWCNT is chiral and can be represented by a pair of indices (n, m).54 By simulating
TEM images of SWCNTs with different (n, m) indices (Figure 1.12f-g), we concluded that
a SWCNT with indices n = 10 and m = 4 (Figure 1.12f) best matched the experimental
image. The diameter could be calculated,54 which was ~0.978 nm. However, the measured
diameter of this SWCNT by STEM was ~0.864 nm. This diameter shrinkage is evidence
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that the SWCNT is under tensile stress, demonstrating how SWCNTs reinforce and
strengthen rebar graphene sheets and enable their polymer-free transfers.

Figure 1.13. Graphene-SWCNT interfaces in rebar graphene.
(a) FFT patterns (A1 and A2) and the BF-STEM image of one π-π stacked grapheneSWCNT interface. (b) The BF-STEM image of a covalently bonded graphene-SWCNT
interface. (c) The high-resolution image after applying a filter of the FFT in the raw BFSTEM image of the yellow selected area in panel b. (d) The scheme for graphene growth
from the edges of a partially unzipped SWCNT.

An interesting question is: How are graphene and SWCNTs connected in the rebar
graphene sheets? The graphene-SWCNT interfaces were investigated using STEM; two
31

types of graphene-SWCNT connections, π-π stacking and covalent bonds, were revealed
(Figure 1.13). Figure 1.13a is a typical BF-STEM image of π-π stacked graphene-SWCNT
interfaces, from which it is apparent that there is no buckling or distortion around the
graphene-SWCNT interface, indicating that, in this case, the graphene sheet and the
SWCNT are intimately combined together via π-π stacking rather than sp2 or sp3 bonds.
The fast Fourier transform (FFT) patterns of a1 and a2 show the typical hexagonal
crystalline structures of monolayer graphene and demonstrate the same rotation angles,
meaning the graphene lying on both sides (a1 and a2) of this SWCNT belong to the same
monolayer graphene grain.44 This can be understood if we assume that the SWCNT in this
area has a sp2-carbon bonded graphitic structure without dangling bonds or sp3-carbon
related defects, thus the graphene grew beneath it to form the π-π stacked interface with
the SWCNT during the annealing process.
Figure 1.13b-c are typical BF-STEM images of covalent bonding in the rebar
graphene. From Figure 1.13b, as indicated by the area in the yellow square, one SWCNT
wall disappeared where the graphene and SWCNT were bonded together in-plane. Figure
1.13c is a high resolution STEM image of the region indicated by the yellow square in
Figure 1.13b, showing that graphene and SWCNT are covalently bonded through aromatic
rings. The proposed formation mechanism of the covalent bonded interface is as follows:
(1) SWCNTs could be partially unzipped due to the etching by the Cu foil at high
temperature (Figure 1.13b-c); (2) the exposed SWCNT edges could capture active carbons
for graphene growth55 (Figure 1.13d); (3) graphene and SWCNTs are covalently welded
together by aromatic rings in the partially unzipped SWCNT regions (Figure 1.13b-c). In
addition, based on the Raman spectrum in Figure 1.11c, RBMs were detected in the rebar
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graphene sheets; the intensity ratio of the D to G bands dropped to < 0.1, demonstrating
the weak etching effects of Cu on SWCNTs because of the low solubility of carbon in Cu
(<0.001 atom % at 1000 °C).56 Thus, π-π stacked graphene-SWCNT interfaces dominated
in rebar graphene sheets synthesized on Cu foils, but there are sufficient amounts of
covalently fused regions to render a noticeable toughening of the rebar graphene over
typical graphene films.
The electrical transport properties of rebar graphene sheets were evaluated by
fabricating Hall bar field effect transistors on SiO2 (100 nm)/Si substrates. The
measurements were performed at room temperature at a pressure of less than 10-5 Torr. The
inset of Figure 1.14a provides a typical optical image of the as-made Hall bar device based
on rebar graphene; its related electrical behaviors are shown in Figure 1.14a-b. From Figure
1.14a, a gating effect was observed on this Hall bar device, with the on/off ratio of ~11.
Moreover, Figure 1.14a indicates that the as-made device shows typical ambipolar
behavior, meaning that graphene dominated the electronic properties in rebar graphene
sheets. The calculated carrier (hole) mobility for the device in the inset of Figure 1.14a was
∼2200 cm2 V−1 s−1 at a carrier density of 5 ×1012 cm−2 based on the Drude model57 (Figure
1.14b). More than five rebar graphene based Hall bar devices were fabricated on SiO2/Si
substrates. All of them had typical ambipolar behavior, with the carrier (hole) mobilities
ranging from ~1500 cm2 V−1 s−1 to ~2200 cm2 V−1 s−1 at a carrier density of 5 × 1012 cm-2.
The mobilities are comparable to those of CVD polycrystalline graphene,11,50-51 indicating
the high quality of the rebar graphene sheets.
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Figure 1.14. Electrical properties and control growth experiments of rebar graphene
on Cu- and Ni-foil.
(a) Resistivity as function of carrier density measured at room temperature. The inset is an
optical image of the fabricated rebar graphene Hall bar field effect transistor on a SiO 2/Si
substrate; the scale bar is 20 μm. (b) Plot of density-dependent field effect mobility of rebar
graphene vs. carrier density from the device indicated in the inset of panel a. (c) Raman
spectra indicating the weak etching ability of Cu on SWCNTs at 1080 °C for 15 min and 3
h. (d) Raman spectra demonstrating the high etching ability of Ni on SWCNTs. Here, DF-
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SWCNTs were used as raw materials and deposited on surfaces of Cu- and Ni-foils using
a spin-coater.

Cu and Ni are the most widely used catalyst metals for the growth of graphene11,5051

and graphene-based heterostructures.26,36 The influence of these two catalyst substrates

on the rebar graphene growth was investigated. From Figure 4.14c, it is apparent that
extending the annealing time has little effect on the synthesis of rebar graphene on Cu foils.
Even after annealing DF-SWCNTs on Cu for 3 h at 1080 °C, RBMs were still clearly
detected from the as-made hybrid material. In contrast, Figure 1.14d indicates that after
annealing DF-SWCNTs on Ni foils for 3 min at 1080 °C and then cooling the sample to
room temperature, no carbon-related structures could be detected by Raman spectroscopy.
This is because: (1) Ni has a high etching ability on SWCNTs because of its high carbon
solubility (~1.3 atom % at 1000 °C).56 During the annealing process, the DF-SWCNTs
were completely dissolved by the Ni. Thus, no SWCNTs could be detected by Raman
spectroscopy after annealing. (2) The carbon supplied by DF-SWCNTs was not enough for
the precipitation growth of graphene on the Ni foil during the cooling process. Thus,
graphene signals were absent after annealing. Considering the low etching ability of Cu
and the high etching ability of Ni on SWCNTs, the graphene-CNT interface composition
might be controlled in the future using properly designed Ni-Cu alloys as the growth
substrates.
One potential application of graphene and CNTs is as a flexible transparent
conductive electrodes because of their high optical transmittance, conductivity and
flexibility.50,58-60 DF-SWCNTs, arylsulfonated-SWCNTs and Pluronic-127 wrapped
35

multi-walled CNTs (M-grade from NanoTechLabs, Inc.) were used as raw materials to
make rebar graphene sheets as all-carbon flexible transparent conductive electrodes (Figure
1.15). The optimal growth conditions were used to fabricate the electrodes The rebar
graphene sheets derived from Pluronic-127 wrapped multi-walled CNTs had ~95.8%
transmittance at 550 nm wavelength with a sheet resistance of ~ 600 Ω/sq, indicating better
performance than those of stacked CVD bilayer graphene.58 Improvements could be
expected using predominantly metallic or long SWCNTs as raw materials or applying
chemical doping.60 In addition, if additives could be further introduced into the rebar
graphene sheet matrix during the annealing process, such as nitrogen and borane doping,
the doped hybrid material could have potential applications in fuel cells and lithium
batteries.
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Figure 1.15. Rebar graphene based transparent conductive electrodes.
UV-vis spectra and sheet resistances of rebar graphene sheets derived from (a) DFSWCNTs, (b) arylsulfonated-SWCNTs and (c) Pluronic-127 wrapped MWCNTs on glass
slides. The CNTs used in (c) were M-grade MWCNTs (NanoTechLabs, Inc.). On the right
bottom of (a-c) are photos of rebar graphene films of ∼ 2 cm ×2 cm in sizes on 1 mm thick
glass slides; the rebar graphene sheets are labeled at the corners with highlights. On the left
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bottoms of panels (a-b) are the structural models of DF-SWCNTs and arylsulfonatedSWCNTs. For arylsulfonated-SWCNTs, the functional groups are 2-tert-butylbenzene
sulfonic acid. (d) Typical TEM images of MWCNTs, indicating that they are ~11-walled
and the diameters are ~12 nm. (e) Photograph of bent rebar graphene sheet transferred onto
a polyethylene terephthalate (PET) substrate. In (e), the rebar graphene sheet was derived
from Pluronic 127 wrapped MWCNTs. The sheet resistance was ~600 Ω/sq. In this section,
polymer-assisted transfer method5 was still used to transfer large-sized rebar graphene
sheets (~2 cm × 2 cm) onto the target substrates.

Due to similar hexagonal structures, B-N and C-C bonds tend to segregate in BCN
systems.61 Much research has been directed to the study of hybridized hexagonal BCN
structures as they provide a new approach to tailor the physical and chemical properties of
2D nanomaterials.36,62-65 However, current studies of BCN structures have been limited to
the hybridization between 2D graphene and 2D h-BN, or doping of carbon/BN
nanomaterials by B, N or C atoms; yet the hybridization between 2D graphene and 1D
BNNTs remains unstudied. Taking the advantage of the concept of rebar graphene and the
shared hexagonal structure of BNNTs and graphene, a 2D hybrid BCN structure of 2D
graphene and 1D BNNTs, namely rebar graphene with BNNTs, could also be synthesized
using the similar growth conditions. This rebar film (RGBNNT) was synthesized from
functionalized or wrapped BNNTs, where the covalent bonding between partially unzipped
BNNTs and graphene enhanced the mechanical strength of the 2D sheet enabling transfer
of the sheet to another substrate without polymer adhesion.
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The synthesis scheme of the rebar graphene with BNNTs (RGBNNT) is shown in
Figure 1.16a. Highly crystalline, long, and few-walled BNNTs synthesized by a catalystfree high temperature pressure (HTP) laser heating method were used as starting
materials.66 Functionalized BNNT solutions were prepared using two approaches. In the
first approach, 2-ethylhexanoyl functionalized-BNNTs (RCO2-BNNTs) were prepared by
sonicating BNNTs with HNO3 to introduce hydroxyl groups (HO-BNNTs),67 followed by
reaction with 2-ethylhexanoyl chloride for 120 h to form the 2-ethylhexanoyl esters.68
Surfactant (Pluronic F127) dispersed BNNTs (Pluronic/BNNTs) were prepared by tipsonicating BNNTs with Pluronic F127 solution for 1 min. The functionalized BNNT
solutions (0.2 mg/mL) were spin-coated onto pre-treated Cu foils (1 cm ×1 cm).69 The
synthesis of rebar graphene was then performed in a tubular furnace with and without CH4
as the carbon source. When using CH4 as the carbon source, the Cu foils were loaded into
a CVD furnace at 1077 °C, annealed with 500 sccm H2 at 7 Torr for 5 min, and then an
additional 1 sccm CH4 was introduced for 15 min. When not using CH4 as the carbon
source, the Cu foils were loaded into a furnace at 1077 °C, and then annealed with 500
sccm Ar and 50 sccm H2 at 7 Torr for 20 min. In this case, the RCO2-functional groups or
the wrapped Pluronic surfactant served as the carbon sources for the graphene growth. To
simplify, the synthesis of RGBNNT using RCO2-BNNTs and CH4 is denoted as method 1;
the synthesis of RGBNNT using RCO2-BNNTs without CH4 is denoted method 2; the
synthesis of RGBNNT with Pluronic/BNNTs with CH4 is denoted as method 3; and the
synthesis of RGBNNT with Pluronic/BNNTs without CH4 is denoted as method 4. All
growth methods afforded nearly identical 2D-film products. Interestingly, while an
external gas flow (CH4 for instance) is often used as the primary carbon source for graphene
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growth,70 here monolayer graphene was also synthesized without introducing CH4 (method
2 and method 4). In this case, the RCO2-BNNTs functional groups or the Pluronic
surfactant in the Pluronic/BNNTs were alternative carbon sources for graphene growth.3
This CH4-free approach, similar to the use of solid carbon sources for graphene growth,12,13,31

provides another method for the synthesis of RGBNNT.

Figure 1.16. Synthesis of RGBNNT.
(a) The synthesis of RGBNNT was accomplished by first depositing functionalized BNNTs
onto Cu foil, and then conducting the CVD or solid carbon source process for graphene
growth. (b) Raman spectra (excited with 514 nm laser) of as-grown RGBNNT on a SiO2/Si
substrate, showing that single-layer graphene sheets were synthesized using method 1 and
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method 3. (c) Photograph of free-floating RGBNNT synthesized using method 1. Red
highlights are used to enhance visualization of the high-transparency rectangular film.

To eliminate the influence of Cu fluorescence and obtain better resolution for the
Raman analyses, the synthesized RGBNNT and graphene produced without BNNTs were
transferred onto SiO2/Si substrates followed by Raman analyses. From Figure 1.16b,
compared to the control (single-layer graphene), the RGBNNT made from method 1 and
method 3 both showed weak but higher D band (~1345 cm-1) and D’ band (~1620 cm-1,
shoulder peak) signal, which originate from the distortion in the graphene lattice.71 These
increased

distortion

peaks

within

RGBNNT

were

caused

by

graphene/BN

hybridization,36,65 yet the single-layer characteristic of graphene is well-retained. Although
the distribution of the D/G ratio is not perfectly uniform throughout the mapped area, this
variation is probably not a good correlation with the position of the BNNTs, as the size of
BNNTs, with a diameter of 5 to 10 nm, is much smaller than the size of the Raman laser
spot, with a diameter of 1 to 2 μm. In addition, after graphene growth, the weak peaks at
~1370 cm-1 corresponding to the hexagonal BN structure72-73 were no longer observed
(Figure 1.16b), indicating the damage of the BNNT structure, as induced by the interaction
between graphene and BNNTs which share the hexagonal structure.
For most conventional methods, the use of a polymer to assist transfer is required
when graphene51,74 or graphene-like 2D materials75-76 are transferred onto other substrates
after growth. To test the mechanical strength and ability to transfer without assistance from
a polymer, the RGBNNT on Cu foil was etched in (NH4)2S2O8/H2O/C4H9OH without
PMMA protection to dissolve the Cu substrate. The remaining RGBNNT floated on 1%
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butanol in H2O without any breakage (Figure 1.16c). As a control experiment, a graphene
film grown on a Cu substrate without BNNTs was also tested for transferring without
PMMA protection. Interestingly, this sample (not shown) broke apart when floated on a
water/butanol surface. Admittedly this test is not a quantitative measurement for robustness
determination. Based on this result, BNNTs also form a rebar network within the
monolayer graphene film and in turn the mechanical strength of the 2D film was enhanced.
To examine the formation of BNNT networks within the graphene layer, SEM
images of RGBNNT transferred to a SiO2/Si substrate are shown in Figure 1.17a; almost
no obvious BNNT bundles are observed, indicating the formation of a 2D hybrid sheet
similar to rebar graphene with CNTs.3 The as-produced RGBNNT was transferred onto a
TEM grid for further characterization. From a representative TEM image (Figure 1.17b), a
BNNT network could be observed on the continuous 2D sheets. The existence of the
underlying graphene sheet was examined by SAED (Figure 1.17c), and the hexagonal
crystalline structure of graphene could be confirmed.69 From a higher resolved TEM image
(Figure 1.17d), the partial unzipping of a BNNT is observed with the disappearance of part
of the sidewall of the BNNT, suggesting the covalent interaction between BNNT sidewalls
and the graphene sheet, as it is widely reported that BN atoms can covalently network with
CNTs62-63 or graphene64-65 based on the shared hexagonal structure to generate the BCN
structure. Further evidence of BCN hybridization is provided by electron energy loss
spectroscopy (EELS) elemental mapping shown in Figure 1.18. It is observed that B and
N atoms are mostly distributed along the BNNT, with some diffusion into the graphene
layer, as a result of the BCN hybridization. The C atoms, on the other hand, are uniformly
distributed within the image area. The covalent BCN hybridzation should in turn cause the
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increase of D band in the Raman spectra of RGBNNT as the atomic structure of graphene
is influenced by BN introduction.36,65

Figure 1.17. The morphology of RGBNNT films.
(a) Typical SEM image of transferred RGBNNT on a SiO2/Si substrate. (b) Typical TEM
image of BNNT networks within a RGBNNT layer. (c) SAED pattern of a RGBNNT film
on a TEM grid. (d) A TEM image of partially unzipped BNNTs within the RGBNNT film.
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Figure 1.18. EELS elemental mapping of a BNNT within RGBNNT.
(a) TEM image of the BNNT and graphene. (b-d) Elemental distribution of B, C, N,
respectively. The mismatch in BNNT position comes from the image drift during TEM
imaging.

To further characterize the behavior of BNNTs within the monolayer graphene
sheet, atomic resolution scanning transmission electron microscopy (AR-STEM, Figure
1.19) images of RGBNNT were taken. To confirm the hexagonal structure of graphene, an
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AR-STEM image was first taken on a graphene sheet without any appearance of BNNTs.
From Figure 1.19a, the hexagonal atomic structure of the graphene sheet is observed after
filter treatment, and the distorted direction of the hexagons indicates the graphene sheet is
polycrystalline with the existence of grain boundaries.77 Figure 1.19b and 2.19d-f are the
bright field (BF) AR-STEM images, and Figure 1.19c and 2.19g-i are the dark field (DF)
AR-STEM images of BNNTs within the graphene layer. Figure 1.19b-c are two
interconnected BNNTs with an intersection angle of ~90°; these two BNNTs are part of
the BNNT network that strengthens the underlying 2D layer. Figure 1.19d and 1.19g show
a BNNT with a section of the sidewall gone that unzipped and merged with the graphene
forming BCN hybrid. Figure 1.19e and 1.19h are a BNNT where the left side of the
sidewall remains intact while the right side of the wall is completely decomposed. Figure
1.19f and 1.19i are a BNNT with both sidewalls gone, which could be defined as a BN
nanoribbon instead of a BNNT. Interestingly, from these images, the BNNTs have partially
unzipped and the atoms have merged into the graphene layer, resulting in a BCN hybrid
structure.
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Figure 1.19. AR-STEM images of a RGBNNT film.
(a) A BF AR-STEM image of RGBNNT with filter applied. (b, d-f) BF AR-STEM and (c,
g-i) DF AR-STEM images of BNNTs within the RGBNNT film. (b-c): two interconnected
BNNTs. (d) and (g): a BNNT with a section of the sidewall gone (unzipped). (e) and (h): a
partially unzipped BNNT with the walls at one side merged into the graphene film. (f) and
(i): a completely unzipped BNNT with walls on both sides merged into the graphene film.
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Because two types of interaction, non-covalent interaction and covalent bonding,
could exist between the graphene and BNNTs, a control experiment was designed to
demonstrate that the enhanced mechanical strength of RGBNNT results primarily from the
covalent bonding between graphene and BNNT domains. A graphene film grown on Cu
was spin-coated with BNNTs, and then etched without PMMA protection in the same way
as the RGBNNT sample. This control sample, with only non-covalent interaction between
the spin-coated BNNTs and graphene, broke into pieces in 1% butanol in H2O. Hence, the
covalent reinforcement is required for increased mechanical strength.
To analyze the elemental composition of the RGBNNT, X-ray photoelectron
spectroscopy (XPS) spectra were taken of the as-grown RGBNNT on the Cu foils (Figure
1.20). Since the RGBNNT is mainly composed of graphene, the position of 284.5 eV for
sp2 C 1s peak is used as standard to shift all other peaks.3,78 After calibration, the B 1s peak
is located at 189.8 eV, and the N 1s peak is located at 397.5 eV; both energies are similar
to the values reported for h-BN79 or other BCN hybrid structures.36,65 Interestingly, a side
peak of N 1s is observed at 400.2 eV, corresponding to the N-C bond as is reported with
N-doped graphene,80 which provides further evidence towards the covalent interaction
between partially unzipped BNNT and graphene sheet; no obvious side peak of B 1s is
observed due to the low signal/noise ratio. The concentrations of B and N atoms within
RGBNNT were found to be 2 to 3%, indicating carbon is the dominant part of the 2D
hybrid film.
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Figure 1.20. The XPS spectra of RGBNNT.
(a) Survey, (b) B 1s, (c) C 1s, (d) N 1s.

To further characterize the properties of RGBNNT, the as-grown RGBNNT films
were transferred onto glass slides, using the polymer-free method, for transmittance and
conductivity measurements (Figure 1.21a and 1.21b). For RGBNNT made from method 1,
the transmittance at 550 nm was 97.0% with a sheet resistance of 36 kΩ/sq. For RGBNNT
made from method 3, the transmittance at 550 nm was 98.1% with a sheet resistance of 24
kΩ/sq. The resistance of RGBNNT is significantly higher than that of monolayer graphene
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(~ 1 kΩ/sq)74 or rebar graphene with CNTs (0.6 kΩ/sq);3 this is a result of the impregnation
of graphene by insulating BNNTs. A non-covalent interaction should not significantly
lower the electrical conductivity of an intact graphene layer, further suggesting the
hybridization through covalent interaction in the RGBNNT. As for optical transmittance,
RGBNNT has the same transmittance value as monolayer graphene (97.4%)74 at 550 nm;
BNNTs absorb little light in the visible region,81 while the high optical absorbance of CNTs
makes rebar graphene with CNTs (95.6%)3 slightly darker.

Figure 1.21. UV-Vis spectra of RGBNNT films transferred onto glass slides without
the assistance of a polymer.
(a) RGBNNT made from method 1, the transmittance at 550 nm was 97.0% with a sheet
resistance of 36 kΩ/sq (insert is a photograph of the film on glass). (b) RGBNNT made
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from method 3, the transmittance at 550 nm was 98.1% with a sheet resistance of 24 kΩ/sq
(insert is a photograph of the film on glass). (c) A SEM image of the fabricated RGBNNT
(method 1) FET on 300 nm SiO2/highly doped p-type Si substrate; the red arrow is pointed
at the RGBNNT nanoribbon with a width of 10 μm. The four Au electrodes with a
separation distance of 14 μm are 90° to the RGBNNT. (d) The drain current as a function
of the voltage applied to the back (bottom) gate of the device shown in (c). And the
derivative of the drain current vs the back gate voltage. The source-drain voltage was 1 V.

In order to investigate the electrical properties of RGBNNT, a FET was fabricated
on a lithography-cut strip of the RGBNNT (method 1). The strip was on SiO2 (300
nm)/highly doped p-type Si with four electrodes and tested at 10-5-10-6 Torr at room
temperature, as shown in Figure 1.21c. Figure 1.21d shows the Vg-Id curve with the backgate voltage ranging from -40 to 100 V at Vd = 1 V. The RGBNNTs shows an ambipolar
semiconducting behavior (typical of CVD graphene11-12,74) with a charge-neutrality point
at ~ 95 V, which indicates highly p-doped material due to the BNNT hybridization on the
graphene grain boundaries, in agreement with other BCN hybrid structures.36,65,82 The
carrier mobility of the RGBNNT FET device was ~20 cm2V-1s-1 based on the slope of Id
variation with back-gate voltages. This is much smaller than the mobility reported for rebar
graphene with CNTs (1500-2200 cm2V-1s-1)3 or single layer graphene (2000-4000 cm2V1 -1 11-12,74

s )

on SiO2. This can be attributed to the scattering of electrons at the interfaces or

boundaries between the graphene and BNNT domains, similar to that seen in CVD
hexagonal BCN FET devices (5-20 cm2V-1s-1).36 These results are consistent with the
RGBNNT components being covalently bonded rather than having solely a
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BNNT/graphene stacking structure. The ON/OFF ratio of this FET device was ~ 2.5,
similar to that seen in single-layer graphene (1-5),11-12,74 and also similar to CVD h-BCN
devices (1-2).36
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Chapter 2 Nanoribbon-Shaped Nanomaterials
and Their Applications
This chapter was entirely copied from references 1, 2, 3, 4.

2.1. Introduction
Carbon nanotubes (CNTs) are materials that are highly desirable to integrate into
many applications due to their high mechanical strength, high electrical and thermal
conductivity as well as reasonable specific surface area.5 Graphene nanoribbons (GNRs)
can be formed from the tubular CNT structure through cutting its axis and flattening. In
this way, the dimensions of the graphene nanoribbons can be predetermined by the initial
CNT length and diameter. Researchers have developed splitting methods including partial
etching with Ar plasma,6 Li atom intercalation,7 abrupt thermal expansion,8 nanoparticle
cutting9 and electrical unwrapping of MWCNTs.10 A recent study by Dai’s group11 realized
a partial splitting of few-walled nanotubes, which exhibit excellent catalytic activity for
oxygen reduction reaction. However, these methods are difficult to scale. A potentially
scalable technique for making graphene oxide nanoribbons from longitudinal splitting of
MWCNTs through chemically oxidizing is available.12 MWCNTs can also be split utilizing
potassium vapor13 or liquid Na/K alloy,14 an advantage because the split product is free of
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oxidative defects and in situ functionalization can be done. Also, a variety of functional
groups or active species can be readily hybridized onto GNRs, widening their applications
in electronics and energy storage devices.2,3 Inspired by this simple Na/K alloy unzipping
method with CNTs, other nanoribbon materials may also be synthesized from tubular
starting materials such as WS2 nanotubes and BN nanotubes.4,15

2.2. Synthesis of Graphene Nanoribbon Carpet and Its Use in
Supercapacitors
To date, the nanotube materials for unzipping or splitting are usually in a randomly
dispersed powder either in the target treating media or sealed in vacuum in the initial solid
state. Very few studies have been carried out on the splitting behavior of a pre-defined
nanotube array, for example, a nanotube electronic device16 or horizontally aligned
arrangement.17 An important assembled form of the highly ordered CNT structure is a
carpet grown vertically on a substrate. The vertically aligned CNTs (VA-CNTs) offer a
high surface area, simple growth by well-developed chemical vapor deposition method and
high structural control by adjusting growth parameters. Splitting the VA-CNTs while
maintaining the vertically integrity of the VA-CNT starting material would further increase
the accessible surface area, thus facilitating various device fabrications.
Supercapacitor is known for its high-power density and long-cycled lifetime,18
which can be extremely desirable in automotive, portable energy-storage media,
complementing batteries and regenerative energy applications.19 In comparison with the
batteries, the major drawback of the supercapacitors is the relatively low energy densities.
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One strategy to enhance the energy density is through enlarging the operating voltage range
by using the organic-based electrolyte20. The VA-CNT carpet provides another possibility
to boost the energy density by increasing the capacitance. CNT appears as a novel electrode
material in the supercapacitor due to its high surface area, excellent conductivity and high
chemical inertness. For making electrochemical supercapacitors, the vertical MWCNT
array appears to be advantageous over the randomly deposited carbon nanotube networks21
and the commercially used activated carbon capacitors in terms of its regular pore structure
and straight conductive paths that can provide excellent ion accessibility, fast ion diffusion
and high rate-tolerant capacitance.22
In this section, we demonstrate the splitting of VA-CNTs with preservation of
vertical integrity to produce split MWNTs and GNR carpets. The splitting is realized by
potassium vapor intercalation and subsequent solution quenching.1 We identify the
formation of partial split regions due to the splitting of the outer MWCNT layers and
survival of inner few-walled nanotubes. The work here combines the concept of splitting
the VA-CNT carpet with an improvement in ion accessibility due to the opening of the
side-walls. The largely opened spaces and the super-aligned vertical structure can not only
increase the effective surface area for the ions accessing the inner tube sites as well as onto
the outside surface, but also provide straightforward paths for fast ion transport. The intact
inner few-walled nanotubes serve as excellent conductors for the charge transportations.
These advantages lead to the superior electrochemical performance of split VA-CNT carpet
when compared to the as-prepared VA-CNT in terms of the supercapacitor specific
capacitance and power density. Also, we utilized the dual functionality of the free standing
split VA-CNT carpet as an electrode and current collector, thus avoiding the use of another
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metallic current collector. The unique advantage for this is that the device fabrication
process can be greatly simplified, which makes the electrode materials promising for the
future light-weight energy storage devices. Also, the intrinsic performance of the VA-CNT
carpet as an electrode material can be fully explored in this way. The splitting strategy we
have shown here exploits a novel carbon-based electrode attractive for future
supercapacitor design and energy-storage system use.
Figure 2.1a shows the scheme of the splitting process of VA-CNT carpet, during
which the potassium vapor intercalation is done for 48 h at 450 °C. After that, ethyl ether
was added to cover the material and methanol was added to afford quenching. Scanning
electron microscopy (SEM) images of the VA-CNT carpet before and after splitting are
shown in Figure 2.1b-e. Figure 2.1b and 2.1c show that the vertically aligned structure was
still preserved after splitting. Figure 2.1d shows that in the as-grown VA-CNT carpet, the
individual nanotubes were densely packed and vertically aligned. There are few disordered
bundles containing in the as-grown sample. Moreover, the MWCNTs were quite straight
with aligned pores, a property that could be beneficial for the introduction and transport of
electrolyte ions when compared to the tortuous pore structure in the activated carbons.23
After splitting, as shown in Figure 2.1e, the nanotubes become flattened along their entire
length and the diameters get wider than the original ones due to the transformation from
nanotubes to partially split nanotubes and GNRs. Interestingly, the vast majority of the split
nanotubes still keep their vertical alignment, and the aligned spaces among the nanotubes
are narrowed due to the partial splitting or complete GNR formation. The preservation of
the vertical integrity of the split nanotubes and GNRs can be attributed to the strong van
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der Waals interactions among the nanostructures. However, it also required careful
handling of the split sample during the washing procedure.

Figure 2.1. Process for splitting VA-CNT carpet and SEM characterization.
(a) Schematic illustration of splitting VA-CNT carpet by potassium atoms intercalation and
subsequent splitting. The middle layer in light pink color represents the Al2O3 and Fe film,
and the bottom layer in light gray color represents the SiO2 substrate. (b) and (c) SEM
images of the VA-CNT carpets before and after splitting at low magnification, respectively.
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(d) and (e) SEM images of the VA-CNT carpets before and after splitting at higher
magnification, respectively.

Figure 2.2. TEM characterizations of nanotubes from the VA-CNT carpet before and
after splitting.
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(a) TEM image of the as-prepared MWCNT from a VA-CNT carpet. (b)-(d) TEM images
of MWCNTs from a VA-CNTs after splitting. (b) and (c) show the partial splitting, in
which the carbon coating formed by the splitting outside the inner intact tubes. (d) shows
a MWCNT entirely split into a GNR, exhibiting a herringbone-like structure when view by
the transmission technique.

Transmission electron microscopy (TEM) images of individual MWCNTs from
VA-CNTs before and after splitting are shown in Figure 2.2. Figure 2.2a shows an
individual MWCNT before splitting, which has a hollow and cylindrical inner canal, with
typically 8-10 graphitic walls and an average diameter ~10 nm. After splitting, the
diameters of the MWCNTs become wider, >20 nm (Figure 2.2b-d). As can be seen in
Figure 2.2b and 2.2c, the partial splitting has occurred on the outer walls, forming carbon
coatings outside the inner tubes which are intact with around 4-5 walls remaining. The
partial splitting is likely caused by the much more perfect crystalline structure of the inner
walls than the outer walls. Therefore, potassium atoms are only able to be inserted into the
interstitial spaces of the outmost walls of the MWCNT. Solvation of potassium ions and
the hydrogen gas evolution induced by the methanol quenching can then initiate the
exfoliation around the intercalated potassium and the splitting propagates longitudinally.13
Unlike numerous graphene oxide pieces attached to the inner tubes,11 the outer carbon
layers were formed into a uniform coating on the outside walls of the inner tubes (Figure
2.2b). However, the crystalline structure could be destroyed in part by quenching,24
therefore after de-intercalation and splitting, the outer graphitic layer can form some short
range disordered graphene layers (Figure 2.2b and 2.2c). The sometimes observed partial
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separation of the inner tubes (Figure 2.2c) could be attributed to the vigorous bath
sonication treatment during the TEM sample preparation. The inner tubes are unlikely split
under the harsh conditions,11 probably due to the high graphitic crystallinity of the inner
few-walled nanotubes (single-walled, double-walled or tripe-walled nanotubes), although
SWCNTs can react with potassium under some circumstences.25 The high-energy shock
waves thus allow for the loosening of the split outer layers and partial extracting the inner
tubes.26 Long-range splitting can also be observed from Figure 2.2d, which show that the
herringbone-like graphitic walls are formed via splitting the straight walls of the original
tube along its length axis.
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Figure 2.3. AFM characterization of an individual nanostructure from the VA-CNT
carpet before and after splitting.
(a)-(b) Tapping mode AFM height images of MWCNTs before and after splitting,
respectively. (c)-(d) Height measurement profiles corresponded to the crossing lines in (a)
and (b). Different heights measured from two different parts suggest that the stacking of
two superimposed split ribbons.

Atomic force microscopy (AFM) characterization was also carried out to
demonstrate the structural change after splitting the VA-CNTs. Figure 2.3a shows that the
nanotube is in a cylindrical shape with a height measurement of ~7 nm (Figure 2.3c), which
is a typical height for these MWCNTs, consistent with the diameter measurement from
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TEM. Shown in Figure 2.3b is ribbon-like structure with several layers stacking assembly.
The heights of the superimposed ribbons part and the underneath ribbon are around 16 nm
and 7.3 nm as indicated in Figure 2.3d, respectively. This indicates that even the tube walls
have been fully split into the GNRs, the strong van der Waals interaction still keeps them
detaching from each other during the sample preparation. This supports the assertion that
in case of partial splitting, the inner tube is preserved.

Figure 2.4. Raman and XPS characterization.
(a) Raman spectra of the VA-CNT carpets before and after splitting. (b) XPS spectra of the
VA-CNT carpets before and after splitting.

Figure 2.4 shows the Raman and X-ray photoelectron spectroscopy (XPS) spectra
which were obtained to further show the structural changes after splitting. As shown in
Figure 2.4a, there is little change of G/D ratio, which is related to the structural perfection
of nanotubes, indicating that our splitting process allows very few introduction of the
damage to the nanotube quality. However, the disordered structure caused by the splitting
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and exfoliation still can be demonstrated by the broadening of G band, 2D band as well as
the combination mode D+G band in the Raman spectra of the split sample,13,27 as indicated
by the labels. Compared to the previous study, a higher temperature of 450 °C and longer
reaction time of 48 h for the intercalation of potassium are used in this work. This results
in much more disordered structures of our as-split sample than the as-split MWCNT made
in previous work, which were treated at 250 °C and for 14 h.13 As can be seen in Figure
2.4b, no signal of K in the XPS spectra of split sample indicates that the oxygen doesn’t
come from the residual methoxide byproduct that produced by the reaction between the
first-stage compound and methanol.28 There is only a slight increase of oxygen signal after
the splitting, which can be attributed to the physically absorbed oxygen.
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Figure 2.5. Scheme of supercapacitor fabrication and comparisons of cyclic
voltammetry measurements.
(a) Scheme of the supercapacitor device composed of stainless steel plates as current
collectors (purple), VA-CNT carpets as the electrode materials and a piece of filter paper
as separator (pink). 6 M KOH solution is filled into the system as the electrolyte for the ion
diffusion. Electrolyte ions are represented by the red dots. A split VA-CNT carpet film
after transferring from the substrate is shown beside the supercapacitor circuit. After acidetching and transferring, the structure of the carpet film can be preserved without any
collapse. (b) and (c) Cyclic voltammetry curves measured at scanning rates of 0.5 V/s and
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1 V/s to show the improved charge capacitance of the VA-CNT carpet after splitting
treatment.

To demonstrate the unique advantages of the split VA-CNT carpet over the original
counterpart in terms of potential applications, the electrochemical supercapacitor
performance tests were conducted on these two differently treated materials to make a
comparison. Figure 2.5a shows the scheme of the fabricated supercapacitor device using
the VA-CNT or split VA-CNT carpet. A free-standing split VA-CNT carpet film after wetetching the substrate is also shown in the image. Both of the VA-CNT films before and
after splitting maintain their complete structure, which can be handled by tweezers easily
and facilitates the transferring onto the backing plate of the supercapacitor device. The
CNT film was directly used as both the electrode material and the current collector when
assembled onto the separator with assistant of the electrolyte solution soaking and then
sandwiched by the two stainless steel backing plates to complete the seal of whole system.
Unlike the direct employment of metallic substrate for growing as the current collector, we
obtained the free standing VA-CNT carpet by disconnecting the substrate and carpet using
acid dissolving. This can avoid the problem that the substrate suffering from the instability
in the electrolyte environment during long-term cycles. Also, we utilized the dual
functionality of the free standing VA-CNT carpet as electrode and current collector by
avoiding the use of other metallic current collector, thus maximizing the overall energy
and power density. Cyclic voltammetry (CV) measurements at various scanning rates were
tested and the operation voltage window is 0.8 V. As can be seen in Figure 2.5b, 2.5c and
2.7a, the split VA-CNT carpet shows enhanced electrochemical performance than that of
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the sample without splitting. The power density of the split VA-CNT carpet, which can be
indicated by the integrated area, is much larger than that of the as-prepared VA-CNT
electrode. The CV curve shows the fast current response to the change in voltage sweep
direction, and the shapes keep near-rectangle until 1 V/s, indicating the formation of
electrochemical double layer. The electrochemical properties have been found to be very
stable during a number of CV cycles, which indicates a stable delivery of the ions and good
connections between the CNT electrode and the current collector. The superior capacitance
behavior and power density of the split VA-CNT carpet is also demonstrated by the
measurement at scanning rates of 0.5 V/s and 1 V/s (Figure 2.5b and 2.5c).
The specific capacitances, derived from galvanostatic charge-discharge curves with
different current densities, of the VA-CNT carpet before and after splitting were provided
in Figure 2.6a. Compared to the original VA-CNT carpet, it is shown that the splitting has
increased the specific capacitance by ~4 times (106.2 F/g) at small discharge current
density, and still outperforms almost 3 times at high discharge current density. The specific
capacitance of the split VA-CNT carpet is much higher than the previous studies using the
VA-CNT as electrode material,29-33 and also can be comparable to that of oxidized VACNT in ionic liquid and organic electrolyte.22 The capacitance improvement can be
attributed to the combination of more effective surface areas created by splitting for
accessibility of the electrolyte ions as well as substantial straight conductive paths based
on the vertical aligned structure. More effective surface areas include the opened inner
hollow channels and expanded interlayer spaces. Besides, in case of partial splitting, the
remaining inner tubes still retain their electrical conductivity, which facilitates the charge
transport during the electrochemical process.
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The performance of the split VA-CNT carpet electrode was also evaluated by
measuring the galvanostatic discharges at various current densities (Figure 2.6b). The
initial IR drop can hardly be observed for our measurements, indicating the equivalent
series resistance (ESR) is rather low and the electron transfer can hardly cause the voltage
limitation. The galvanostatic charge-discharge cycle measured for 20 cycles at a constant
current density of 5.7 A/g of the split VA-CNT supercapacitor device is shown in Figure
2.7b. The nearly triangle shape of each cycle suggests the capacitive behavior with almost
no Faradic process. Retention of capacitance after charge-discharge cycles over 2000 times
has also been tested, as can be seen in Figure 2.6c. The capacitance after 2000 cycles can
still be stabilized above 95%.
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Figure 2.6. Measurements of capacitance, discharge curves and cyclability.
(a) Comparison of specific capacitances for VA-CNT carpet before and after splitting. The
comparison suggests that the splitting treatment enables the increasing of specific
capacitance by ~4 times. (b) The discharge curves derived from the galvanostatic chargedischarge measurements on a split VA-CNT carpet at different current densities. (c)
Retention of capacitance over 2000 cycles, stability is >95%. The cyclability test was
carried out at a constant current density of 1.2 A/g. C0 represents the initial specific
capacitance of the split VA-CNT carpet electrode.
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Figure 2.7. Measurements of supercapacitor performances.
(a) Comparison of CV curves of the VA-CNT carpets before and after splitting measured
at a scan rate of 0.1 V/s. (b) galvanostatic charge-discharge curves for 20 cycles at a
constant current density of 5.7 A/g of the split VA-CNT carpet electrode. (c) Nyquist plot
of the split VA-CNT carpet electrode measured by amplitude current frequency scanning
from 1000 kHz to 0.01 Hz. A high-frequency region of the Nyquist plot is shown in the
inset with its knee frequency of 214.8 Hz. (d) Ragone plot showing the relationship
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between the energy density and power density of the split VA-CNT carpet supercapacitor
electrode.

The Nyquist plot measurement shown in Figure 2.7c is carried out at 10 mV versus
open circuit voltage from 1000 kHz to 0.01 Hz to determine the frequency response as well
as the ESR of the supercapacitor device. There is a semi-circle intersecting the real axis in
the high frequency region, and the plot transforms to a vertical line with decreasing
frequency, suggesting a distributed-capacitance behavior of a porous structure.34 As can be
shown, the slope is almost parallel to the imaginary axis in the low frequency region,
implying that the split VA-CNT carpet electrode shows a capacitive behavior at low
frequency.35 The split VA-CNT carpet shows a high knee frequency 214.8 Hz, as can be
seen in the inset in Figure 2.7c, which suggests that most of the stored energy is accessible
even at frequencies up to and above 210 Hz, exhibiting a great potential for applications
such as hybrid electrical vehicles (HEVs). This knee frequency is much larger than the
commercially available electrochemical supercapacitors36 and some reported values for the
MWCNT electrode21 and VA-CNT carpet electrode,29,30,37 which could be caused by the
excellent and fast electrolyte ions access and diffusion through the carpet conductive paths
and the split pores. The contact resistance usually comes from the interface between the
CNTs and the backing plate, and that between the CNTs, as well as the electrolyte-carbon
interface when the CNTs are assembled onto the current collector with random crosslinking between each other. The VA-CNT can largely decrease the contact resistance by
greatly avoiding the contact between CNTs because the spaces between vertically standing
tubes or bundles are around 100 μm. Even the diameters of the tubes or bundles become
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larger after splitting, there are still obvious gaps between them along the nanotube length
and the contact area can’t be comparable to that of the randomly distributed CNT crosslinking network.
Ragone plot is presented in Figure 2.7d to interpret the maximum performance limit
of the split VA-CNT electrode. The energy density and power density are calculated from
galvanostatic charge-discharge curves using the following equations:
Esp 

Psp 

CspV 2
2

Esp

(Eq. 2.1)

(Eq. 2.2)

t

where the Esp represents the energy density, Psp represents the power density, Csp is
the specific capacitance, V is the potential after IR drop, Δt is the discharge time. The
energy density and power density are in the range of 5.2-9.4 Wh/kg and 1.1-103 kW/kg,
respectively. It can be seen that the split VA-CNT can provide a power density up to 103
kW/kg, while maintaining an energy density of ca. 5.2 Wh/kg. The energy density does not
change appreciably with increasing the power density. The split VA-CNT carpet not only
allows the rapid delivery of the stored charges through each individual tube that is
connected directly to the metallic backing plate, but also provides more effective
accessibilities for the ions by splitting the outer walls compared to the as-prepared VACNT carpet electrode, ensuring a superior power density for the capacitor.
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2.3. Synthesis of Dispersable Ferromagnetic Graphene Nanoribbon
Stacks with Enhanced Electrical Percolation Properties in Magnetic
Field
The electronic-related advantages that GNRs have over other carbon allotropes are
their potential for anisotropic alignment, while maintaining surface areas that exceed that
of CNTs. When considering GNRs as electronic conductors in various applications, the
potential for alignment is of great importance since bulk conductivity can be achieved at
lower concentrations. One possible way to realize this alignment is to align GNRs in
magnetic fields by surface deposition of magnetic nanoparticles.38 Since GNRs stacks are
2D analogues of CNTs, it is reasonable to expect a similar behavior between the two
regarding electrical percolation. Further, intuitively it is expected that the contacts between
GNR stacks are better than contacts between CNTs since more π-π interactions of the flat
GNR surfaces are likely, however this conjecture has not been experimentally confirmed.
In this section, we report the synthesis and intercalation of ferromagnetic materials,
such as iron, between the planes of GNRs stacks. GNRs stacks are by definition graphite
analogues.2 Graphite materials are known to form graphite intercalation compounds (GICs)
with various intercalants, including iron.39,40 As a similar intercalation behavior is expected
for GNRs, iron intercalated GNRs stacks should additionally exhibit an anisotropic
response to an external magnetic field, yielding an aligned architecture. If the alignment is
to be formed in the liquid phase, it is necessary to have highly dispersible ferromagnetic
GNRs. Dispersability can be achieved by edge functionalization14 while not sacrificing
magnetic properties and electronic conductivity of GNRs. Further, bulk alignment in liquid
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phase at a fixed concentration is expected to enhance the electrical percolation threshold
(make the requisite concentration of GNRs lower). A material with dispersability,
conductivity and anisotropic response to an external magnetic field can be valuable in a
variety of applications where conductivity is desired while minimizing the carbon additive.
Iron(III) chloride (FeCl3) is known to intercalate between graphene layers to form
GICs.39-41 It has also been shown that FeCl3 can be intercalated between the layered tubular
structure of MWCNTs.42 FeCl3 was intercalated into the bundles of commercially available
MWCNTs (Figure 2.8). For this purpose a two-compartment glass tube was used; the
MWCNTs were loaded into one compartment and FeCl3 was added to the second
compartment. The tube, set on its side, was then vacuum-sealed and heated at 350 °C for 1
d. The FeCl3 intercalated MWCNTs (FeCl3@MWCNTs) were then subjected to hydrolysis
with water vapor at 110 °C for 1 d. During hydrolysis the FeCl3 formed oxides, complexes
and hydrolytic polymers.43 The intercalated Fe was then reduced to elemental Fe in a H2
atmosphere at 800 °C for 1 h, yielding Fe intercalated MWCNTs (Fe@MWCNTs). The
last step of the reaction was the one-pot splitting followed by edge functionalization14 that
yielded the final product: iron intercalated tetradecyl-edge functionalized graphene
nanoribbon stacks (Fe@TD-GNRs). This procedure is shown as Route 1 in Figure 2.8. An
attempt to optimize the procedure for Fe@TD-GNRs is shown in Route 2 of Figure 2.8. In
the first step we prepared FeCl3@MWCNTs as described above. FeCl3@MWCNTs were
then treated with electride (Na/K alloy in 1,2-dimethoxyethane (DME)) to reduce Fe3+ to
Fe, split the MWCNTs and activate edges of newly formed GNRs. The reaction mixture
was quenched with 1-iodotetradecane to functionalize the edges of GNRs. The Na/K alloy
treatment step was a one-pot reaction. However, as it will be shown later, the iron content
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of the product from Route 2 was not high; Route 3 (Figure 2.8) was then devised to increase
the iron content. In Route 3, the MWCNTs were first split to yield GNRs stacks. In the
next step, the GNRs were intercalated with FeCl3 using the same procedure as for
intercalation of FeCl3 into MWCNT bundles. The product of the second step was
FeCl3@GNRs. We hypothesize that FeCl3 could intercalate between graphene layers more
easily since the structure is more open at the edges when compared to MWCNTs. The third
step of Route 3 was the one-pot reduction of the FeCl3 and the TD-GNRs, yielding
Fe@TD-GNRs. MeOH was used to quench all of the Na/K reactions after splitting and/or
alkylation. The final edge-alkylation is harder to envision by this third route since
formation of exclusive edge deprotonation is unlikely. Therefore, much of the material is
likely intercalated as we have shown previously.14
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Figure 2.8. Proposed reaction schemes Route 1, Route 2, and Route 3 for the synthesis
of iron intercalated tetradecylated graphene nanoribbons (Fe@TD-GNRs).
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The final product, Fe@TD-GNRs, synthesized using Route 3 was imaged by TEM.
Dark dots represent iron nanoparticles that could be intercalated between graphene layers
(Figure 2.9). In the images the edges of the Fe@TD-GNRs can be clearly seen.

Figure 2.9. TEM images of Fe@TD-GNRs synthesized according to Route 3.

To estimate the concentration of iron in the product, the Fe@TD-GNRs were
analyzed by TGA in air. The concentration of iron was calculated from the thermolysis
residue, assuming the residue was Fe2O3. The TGA results are summarized in Figure 2.10a.
Fe@TD-GNRs had an iron content of 12.9 wt% (Route 1), 4.2 wt% (Route 2) and 29.5
wt% (Route 3). The results indicate that GNRs (Route 3) are more suitable precursors for
the intercalation of iron, as the iron concentration was much higher than in the case of
MWCNTs (Route 1 and Route 2). Since the MWCNTs are split to GNRs before
intercalation in Route 3, more sites are introduced where iron can be intercalated between
graphene layers. Control TGA of pristine MWCNTs produced a minimum amount of the
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inorganic residue, indicating that most of the iron was intercalated and not derived from
the catalyst used to make the MWCNTs.
XPS was also used to estimate the iron content of the Fe@TD-GNRs samples.
Concentrations were measured in atomic % (at%) and were between 0 at% for Fe@GNRs
synthesized according to Route 1 and Route 2 and 1 at% for Fe@GNRs synthesized
according to Route 3 (Figure 2.10b). The concentrations by XPS were much lower than the
concentrations estimated from TGA; the Fe@TD-GNRs synthesized according to Route 3
again showed the highest iron concentration at 1 at%. That corresponds to 4.4 wt% of iron
which is much less than 29.5 wt% estimated from TGA. This result may be an indication
that iron is indeed intercalated and not adsorbed on the surface, as one might expect. XPS
is a surface technique where the typical depth of analysis is 3-5 nm. We know from our
previous studies14 that GNRs synthesized using Na/K alloy are usually ~30 nm thick.
Considering this fact, we conclude that the iron is primarily intercalated and not at the
surface.
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Figure 2.10. Estimation of the iron concentration in Fe@TD-GNRs synthesized
according to Routes 1-3.
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(a) TGA plots recorded in a dynamic air flow with a heating rate of 10 °C/min. (b) XPS
spectra of the same Fe@TD-GNRs samples from Routes 1-3.

Evolved gas analysis is a sensitive technique that reveals the qualitative nature of
the functional group: whether they are physisorbed or chemisorbed.14 The Fe@TD-GNRs
with the highest iron concentration, synthesized according to Route 3, was analyzed
(Figure 2.11). As for the previously described alkylated-GNRs,14 at least three distinct
temperature ranges were determined in which the alkyl groups could be present in the offgas from thermolysis products: Region I between 125 °C and 330 °C, Region II between
330 °C and 490°C, and Region III between 500 °C and 600 °C. In Region I and II gases
with m/z 15, 43, 57, and 71 were evolved, corresponding to alkyl fragments, while Region
III has only one distinctive evolved gas with m/z 15, which corresponds to methyl groups.
Weight losses for these three regions are: 10.3% for Region I, 4.6% for Region II, and 0.7%
for Region III. These results are similar to those from the previous study,14 therefore it was
concluded that the process in Region I is the deintercalation of alkanes or alkenes, and in
Region II and Region III constitute the defunctionalization of tetradecyl groups. However,
the EGA analysis of Fe@TD-GNRs produced a fourth Region that is narrow and
pronounced for fragments with m/z 12, 15, 29, 43. This process is characteristic for these
iron intercalated functionalized GNRs while not present in functionalized GNRs without
the iron. There are two interesting characteristics of the process in Region IV: a high and
narrow temperature range and sharp weight loss. This is an indication of a rapid process.
An m/z 32, which corresponds to oxygen, was also monitored. Although an argon
atmosphere was used, oxygen is always present in low concentrations that can be detected
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by the mass analyzer. The analysis indicates that oxygen is consumed during the Region
IV process. This might indicate that fragments, corresponding to alkyl chains, are partially
burning. A similar oxygen consumption was present in Region II at 475 °C; such
consumption stops and reappears at 700 °C in Region IV. Since 700 °C is a rather high
temperature for normal combustion, it might be due to iron interactions with jagged edges
of the graphene. However, the actual process in Region IV remains unclear.

Figure 2.11. Evolved gas analysis for Fe@TD-GNRs synthesized according to Route
3.
The black curve represents the TGA profile of Fe@TD-GNRs recorded in dynamic argon
flow with a heating rate of 10 °C/min. The colored curves represent fragments with m/z
typical for alkane fragmentation, except for the red curve that represents the m/z that
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corresponds to oxygen. Gray rectangles are crudely selected regions for different
thermodynamic profiles.

Comparison of Raman spectra revealed interesting differences between Fe@TDGNRs synthesized by Routes 1, 2 or 3 (Figure 2.12). One difference is the peak position
for Fe@TD-GNRs materials. Materials synthesized using Routes 1 and 2 have the
following peak positions: D-peak, 1347 cm-1; G-peak, 1584 cm-1; and 2D-peak, 2687 cm1

; while materials synthesized according to Route 3 and pristine Mitsui MWCNTs have the

following peak positions: D-peak, 1350 cm-1; G-peak, 1575 cm-1; and 2D-peak, 2697 cm1

. The second difference is the appearance of the G+D’ peak at 2938 cm-1 for Fe@TD-

GNRs synthesized using Routes 1 and 2. However, the most obvious difference between
the products is the ratio of the intensity of the D band to the G band (ID/IG ratio). The ID/IG
ratio is considered a measure of the structural disorder of the material.44 Fe@TD-GNRs
synthesized according to Routes 1 and 2 show a reversed ID/IG ratio; 1.82 and 1.60
respectively, compared to Fe@TD-GNRs synthesized according to Route 3 and pristine
Mitsui MWCNTs, with ID/IG of 0.4 and 0.16, respectively. This suggests that significant
system disorder was induced by intercalation of FeCl3 directly into the tubular graphitic
structure of MWCNTs (Route 1 and 2). The disorder was not as obvious when FeCl3 was
intercalated into the GNRs (Route 3).
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Figure 2.12. Raman spectra of Fe@TD-GNRs synthesized using Routes 1 (red), 2
(black) and 3 (blue) and pristine Mitsui MWCNTs (dark green).

It is of great importance for materials to be dispersable or soluble, thereby affording
processability. We have focused on the dispersion of high iron content Fe@TD-GNRs
synthesized according to Route 3 since the products from Route 1 and Route 2 exhibited
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weaker magnetic response due to lower iron concentration. The tetradecyl groups on the
edges of Fe@TD-GNRs greatly improved the solubility of the ribbons (Figure 2.13). After
weeks, Fe@TD-GNRs at 0.1 wt% dispersions in chloroform and chlorobenzene retained
relatively good solution stability. To show the magnetization properties of Fe@TD-GNRs
in the presence of a magnetic field, 0.1 wt% solution of Fe@TD-GNRs in chloroform were
exposed to a fixed (bar) magnetic field with field strength of 0.3 T. For comparison, TDGNRs with no intercalated iron were exposed to the same magnetic field. The difference
is evident (Figure 2.14). Suspensions with intercalated iron become clear after 2 h due to a
phase separation. Conversely, suspensions with no intercalated iron remain black and no
separation occurs.
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Figure 2.13. Comparison of dispersability of 0.1 wt% Mitsui MWCNTs and Fe@TDGNRs synthesized from Mitsui MWCNTs according to Route 3.
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Figure 2.14. Comparison of solubility and magnetization in the presence of a bar
magnet of 0.1 wt% TD-GNRs and Fe@TD-GNRs.
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As discussed previously, for applications in energy related devices, transparent
touch screens, carbon fiber spinning and coating, polymer composites and various drilling,
completion and logging fluids, it is advantageous if the carbon materials are easily
processable and adequately conductive. Processability often requires solubility or
dispersability in various solvents. It has been shown that the Fe@TD-GNRs form stable
suspensions in organic solvents. While single ribbon conductivity has been reported
previously,13 the bulk conductivity of the materials is important for several applications
and is directly correlated to electrical percolation at a constant concentration. To test the
hypothesis that electrical percolation at a given concentration can be improved by aligning
anisotropic Fe@TD-GNRs in the presence of a magnetic field, a simple testing cell was
designed and fabricated to simultaneously measure resistance of a 5 wt% solution of
Fe@TD-GNRs in a commercially available mixture of hydrocarbons (diesel fuel as
commonly used in commercial conductive fluid) both parallel and perpendicular to a
magnetic field. A control experiment without a magnetic field was also used. The results
confirmed the hypothesis (Figure 2.15a). The resistance, which is related to electrical
percolation, was ~80 kΩ when it was measured parallel to the magnetic field. In this
direction anisotropic Fe@TD-GNRs are aligned along the longer side of the GNRs. When
the resistance of the suspension was measured perpendicular to the magnetic field, the
value increased by a factor of 3.5 to ~275 kΩ. As a control experiment, the measurement
of the resistance outside of the magnetic field showed a resistance of ~720 kΩ, which is
almost 10 times higher than for the aligned Fe@TD-GNR solution. Additionally, statistics
revealed another interesting feature of the suspension. The distribution of results was
narrow for measurements parallel to the magnetic field, while measurements outside of the
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magnetic field yielded a very wide distribution. This is an indication that when Fe@TDGNRs are exposed to a magnetic field, a similar carbon arrangement for electrical
percolation is produced. When the resistances of Fe@TD-GNRs suspensions are measured
outside of the magnetic field, the electrical percolation and GNR arrangement are illdefined, thus the distribution is wider.
SEM (Figure 2.15b) and optical microscope images (Figure 2.15c) of magnetically
(bar) aligned and randomly arranged Fe@TD-GNRs, produced both from Mitsui and
NanoTechLabs (NTL) MWCNTs were recorded. The NTL Fe@TD-GNRs were
synthesized using the same procedure (Route 3) as those Fe@TD-GNRs produced from
Mitsui MWCNTs and they have similar bulk, EGA, XPS and Raman properties. The only
difference between Mitsui and NTL Fe@TD-GNRs is that NTL Fe@TD-GNRs possess up
to 6 wt% iron from the starting MWCNT synthesis process. However, the concentration of
iron increased significantly during Route 3, up to 27 wt%, indicating the additional
intercalation of iron. These images (Figure 2.15b,c) clearly show the magnetic fieldinduced alignment of the Fe@TD-GNRs, thereby explaining the reduced resistance
observed for the magnetically treated suspension (Figure 2.15a).
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Figure 2.15. Behavior of Fe@TD-GNRs in a magnetic field (strength of a magnetic
field was 0.3 T).
(a) Resistance of 5 wt% suspension of Fe@TD-GNRs synthesized according to Route 3 in
a commercially available mixture of hydrocarbons (diesel fuel). The red box in the chart
represents resistance measured parallel to the magnetic field; the green box represents the
resistance measured perpendicular to the magnetic field and the blue box represents the
resistance measured outside of the magnetic field. Results are presented statistically. The
box was determined by the 25th and 75th percentiles, the spread-lines are determined by
the 5th and 95th percentiles and the mean value is denoted by a square symbol inside each
box. Each measurement was taken after 2 min of system perturbation. A permanent
laboratory magnet was used. (b) SEM images of Mitsui- and NTL-originated Fe@TDGNRs. Suspensions of Fe@TD-GNRs in chlorobenzene were drop cast onto a SiO2/Si
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substrate and dried inside of a magnetic field (right two images). For comparison, the left
two images are solutions that were dried outside of a magnetic field. All scale bars are 5
µm. (c) Optical microscope images of Mitsui and NTL originated Fe@TD-GNRs drop cast
onto a glass substrate and dried outside of a magnetic field (left two images). For
comparison, the right two images are solutions that were dried inside of a magnetic field.

2.4. Graphene Nanoribbon and Nanostructured SnO2 Composite
Anodes for Lithium Ion Batteries
The development of new anode materials with high specific capacity for lithiumion batteries (LIBs) is a key step forwarded for applications to large-scale energy storage
units such as electrical vehicles.45,46 Graphite, the standard commercialized anode material
for LIBs, has a theoretical specific capacity of only 372 mAh/g,47 which limits its
applications in LIBs. Therefore, new anode materials with high specific capacity such as
Si (4200 mAh/g), Sn (994 mAh/g) and SnO2 (782 mAh/g) have been intensively
investigated.48-50 However, the enormous volume expansion and structural changes during
repeated alloying/dealloying causes significant capacity fading during cycling. 48,51 To
address this problem, researchers have employed several approaches. One tactic is the
development of electrode materials based upon nanostructures that minimize the strain
during volume expansion.52-53 Another approach is to integrate the electrode material with
a carbonaceous matrix such as amorphous carbon,49 mesoporous carbon,51 graphene,50,5456

or CNTs.57,58 As an analogue to carbon species, GNRs have been theoretically59 and

experimentally60 shown to enhance lithium storage through edge effects. Moreover, GNRs,
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having large aspect ratios and high surface area, might provide an excellent conductive
matrix with good mechanical flexibility for the metal oxide to accommodate the volume
changes during change/discharge cycles.
In this section, we used our recently developed conductive GNRs to prepare anode
composite materials with SnO2 nanoparticles (NPs) for LIBs.3 The SnO2 NPs were
synthesized via a simple chemical method, with a size of ~10 nm, and they were uniformly
distributed among the GNR structure layers. The GNRs were made by Na/K unzipping of
MWCNTs. The fabricated anode based on the GNR/SnO2 composite exhibited a specific
reversible capacity over 1130 mAh/g. Moreover, using sodium carboxymethylcellulose
(Na-CMC) as the binder material affords an enhanced cyclability to the GNR/SnO2 anode.
The reversible capacity retains a specific capacity of ~825 mAh/g at current density of 100
mA/g with Coulombic efficiency of 98.3% after 50 cycles. The composite also shows good
power performance with a reversible capacity of ~580 mAh/g at a current density of 2 A/g.
The synthesis of the GNRs/SnO2 composite is illustrated in Figure 2.16. First, the
GNRs were obtained using K/Na alloy to unzip the MWCNTs.13,14 Then, SnCl2 and 2pyrrolidinone were added into the GNRs with ultra-sonication for reducing Sn2+ to Sn0.
Lastly, the Sn NPs were oxidized overnight using ultra-sonication in air. The morphology
of the obtained GNRs/SnO2 composites was characterized with SEM. Figure 2.17a is the
SEM image of GNRs after unzipping, showing that the width of GNRs is ~ 200 nm. The
SEM image of the GNRs/SnO2 composite (Figure 2.17b) shows that SnO2 NPs are
dispersed among the entangled GNRs, with some aggregation. From the TEM image
(Figure 2.17c), most of the SnO2 NPs are < 10 nm and are uniformly distributed along the
100

GNRs. The HRTEM analysis exhibits the lattice fringe, indicative of single crystal SnO2
(Figure 2.17d). The spacing of the adjacent lattice planes is 0.339 nm, agreeing well with
the (110) plane of rutile SnO2.61 The GNRs have an average of 15 graphene layers with
indicative lattice spacing of 0.338 nm.

Figure 2.16. Scheme for the synthesis of the GNRs/SnO2 composite.
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Figure 2.17. SEM and TEM images of the GNRs/SnO2 composite.
(a) SEM image of the unzipped GNRs. (b) SEM image of the GNRs/SnO2 composite. (c)
TEM image of the composite showing SnO2 NPs with sizes from ~4 to 10 nm that are
uniformly distributed with the GNRs. (d) HRTEM image of the composite, showing the
graphitic structure of GNRs and the crystal structure of SnO2 NPs.
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Figure 2.18a exhibits the XRD pattern from the as-prepared GNRs/SnO2
composite. The characteristic peak of GNRs was observed from the diffraction pattern. The
indexed peaks of SnO2 correspond to the tetragonal rutile structure of SnO2 with lattice
constants of a = 0.4721 nm and c = 0.3215 nm. The calculated particle size using the
Scherrer formula is ~ 7 nm,62 in good agreement with the results from TEM analysis. XPS
analysis was conducted to further confirm the constituent phase of the as-prepared
composite (Figure 2.18b). From the XPS spectrum, Sn, O and C are detected in the
composite. The composite shows carbon atomic concentration of 54.2%, corresponding to
a carbon content of 18.8 wt%. The TGA measurement was carried out in air (Figure 2.18c).
From the TGA curve, GNRs/SnO2 has 19.5% weight loss from 278 °C to 700 °C that can
be assigned to combustion of GNRs in air, forming CO2. This carbon weight loss agrees
well with the result from XPS analysis. This indicates that the weight content of the SnO2
in the composite is ~80%.
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Figure 2.18. Characterization of GNRs/SnO2 composite
(a) XRD pattern of the GNRs/SnO2 composite. The particle size estimated using the
Scherrer equation was ~7 nm. (b) XPS spectrum of the GNRs/SnO2 composite with the
inset showing the atomic percentage of the carbon, tin and oxygen. The atomic percentage
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was obtained from the high resolution scans. (c) TGA of the GNRs/SnO2 composite in air.
Samples were pretreated at 120 ºC to dehydration them prior to the measurement.

The choice of binder for the anode material plays an important role to enhance the
specific capacity and cyclability in LIBs research. Polyvinylidene fluoride (PVDF) is the
most commonly used binder material. Recently, water-soluble binder materials such as NaCMC and polyvinyl acids (PVA) have been used in Si-based LIBs, producing enhanced
electrochemical performance.63-65 In a previous study Na-CMC had been shown to enhance
the cyclability of SnO2-based anode materials,66 thus Na-CMC was employed as the
binding material for our batteries. Cyclic voltammetry (CV) measurements were carried
out to characterize the electrochemical behavior of the GNRs/SnO2 composite as the anode
material from 0.01 to 2.5 V with a scan rate of 0.5 mV/s. The CV curves of the initial three
cycles are shown in Figure 2.19a. In the first cathodic sweep process, the irreversible broad
peak (a) at ~0.7 V is attributed to the formation of a solid electrolyte interphase and
decomposition of SnO2 to form Sn.67-70 The peak (a) disappears in the following cycles; it
becomes a reversible peak (a´) at ~0.9 V indicating the formation of various LixSn species
that are reported by others.55,67,69 The characteristic peak (b) at ~0.1 V in the first cathodic
sweep process is associated with the alloying of Sn with Li. This peak was slightly shifted
in subsequent scans and then stabilized at ~ 0.2 V. During the anodic sweep process, two
peaks (c and d) at ~0.63 V and ~1.35 V are observed. The characteristic peak at 0.63 V
represents the dealloying process of LixSn, while the peak at 1.35 V is thought to be related
to the partially reversible reaction of SnO2 with Li+.67,70,71 After the first cycle, all the CV

105

curves are almost identical, thereby showing the reversibility of the composite electrode
charge/discharge process.

Figure 2.19. The electrochemical performance of the GNRs/SnO2 composite
electrodes.
(a) CV curves of the first, second and third cycles of the composite electrodes at a scan rate
of 0.5 mV/s over the voltage range of 0.01 to 2.5 V. (b) The first, second and thirtieth
charge/discharge curves of the composite electrode at a rate of 100 mA/g. (c) Comparison
of capacity retention and Coulombic efficiency of GNRs and the GNRs/SnO2 composite at
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a rate of 100 mA/g. (d) Rate capability of the composite electrodes with various current
densities.

The galvanostatic charge/discharge measurements were performed at the current
density of 100 mA/g in the potential window of 0.01 to 2.5 V vs. Li+/Li. The given specific
capacity was calculated based on the total mass of the GNRs/SnO2 composite. The typical
charge/discharge curves in 1st, 2nd and 30th cycle are shown in Figure 2.19b. The composite
can deliver a capacity of 1519 mAh/g for the first discharge and a reversible capacity of
1129 mAh/g. The irreversibility could be caused by the formation of a solid electrolyte
interphase (SEI) as indicated from the CV curve of the first cycle.56 It shows the second
discharge and charge capacities of 1116 mAh/g and 1106 mAh/g, which is indicative of
the high reversibility. The theoretical lithium capacity from SnO2 is ~782 mAh/g based on
the conventional alloying mechanism.49 Here, the enhanced lithium storage capacity from
the composite implies that there exists more lithium insertion/extraction sites in the
composite, similar to reports in the reduced graphene oxide and tin dioxide (RGO/SnO2)
anodes.55 There may also be a contribution from enhanced surface electrochemistry in
nanocrystalline SnO2.72 The retention of the charge/discharge curves at the 50th cycle shows
the stability of the composite as an anode material. The capacity retention performance of
the GNRs/SnO2 composite is shown in the Figure 2.19c. The specific capacity starts to
stabilize at ~840 mAh/g after 40 cycles. Furthermore, the anode maintains a reversible
discharge capacity of 825 mAh/g after 50 cycles, which is higher than that reported
RGO/SnO2-based anodes54-56,73 and much higher than other SnO2 and carbon based
composite.49,53,57 The Coulombic efficiency of the first cycle was 74.3%, but was above
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98% after the second cycle and stayed at 98.3% after 50 cycles, indicating good capacity
retention. As shown in Figure 2.19c, the reversible capacity of the GNRs/SnO2 composite
anode is much higher than that of the bare GNRs with reversible specific capacity of ~250
mAh/g. In addition, the reversible specific capacity of SnO2 NPs, a control sample
composite prepared without GNRs, quickly degraded to ~200 mAh/g after 50 cycles
(Figure 2.19c), which indicates the significant effect that GNRs play in the composite.
The rate capability of the GNRs/SnO2 composite was also evaluated by applying
various current densities from 0.1 A/g to 2 A/g (Figure 2.19d). The GNRs/SnO2 composite
anode exhibited high reversible capacities of ~1010 mAh/g, ~900 mAh/g, ~780 mAh/g,
~700 mAh/g and ~580 mAh/g at current densities of 0.1 A/g, 0.2 A/g, 0.5 A/g, 1A/g and 2
A/g, respectively. After 25 cycles at different current densities, when the current density
was returned to the 0.1 A/g, the reversible capacity can be recovered to ~930 mAh/g, which
is close to the original value. The highly reversible rate capacity can be attributed to the
conductive GNR networks with large aspect ratios as well as the homogeneous distribution
of small-sized SnO2 nanoparticles along or between GNR stacks. The conductive GNRs
network might further facilitate electrolyte diffusion and Li+ transport into the nanosized
SnO2. The GNR networks act as mechanical buffers, apparently able to adjust as needed to
the volume change of SnO2 during the cycling.
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2.5. Enhanced Electrocatalysis for Hydrogen Evolution Reactions from
WS2 Nanoribbons
Research in clean fuels, such as H2, has drawn much attention due to concerns of
greenhouse gas emissions, such as CO2, from burning traditional carbon-based fuels. The
hydrogen evolution reaction (HER) using electrocatalysis is one way to obtain H2; the
reaction is done using water and applying an electric potential over the thermodynamic
limit of the HER. Achieving the HER efficiently at low overpotential provides a promising
route toward clean energy. Currently, platinum is widely used for this purpose because of
its superior electrocatalytic activity and electrochemical stability. Replacement of this
precious and expensive metal with abundant and cost-effective materials has motivated
various studies.74,75 Recently, progress has been realized by using layered transition-metal
dichalcogenides (LTMDs) such as MoS2 and its derivatives.76,77 Theoretical78 and
experimental studies79 have suggested that the HER activity of MoS2 is strongly correlated
to the number of exposed edges rather than to its inert basal plane (1000). Thus, intensive
research has been performed using MoS2 nanoparticles,78,80,81 nanowires,82 3-dimensional
films83,84 and molecular MoS2 mimics85 to maximize the exposed edges relative to the bulk
material.
Tungsten disulfide (WS2), belonging to the LTMD family, exhibits extraordinary
electrical86 and photonic properties87,88 when the material becomes atomically thin, which
has recently been realized by chemical exfoliation89 and chemical vapor deposition.88,90
Despite widespread research in the synthesis and applications of WS 2 in electronics and
optoelectronics, exploration of its electrocatalytic properties is still in its infancy.91
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Chhowalla and his colleagues reported electrocatalysis from chemically exfoliated WS2
nanosheets.91 Other geometries such as nanotubes (NTs) and nanowires (NWs) have been
considered. While improved electrocatalytic activity has been demonstrated in MoS2
NWs,82 the exposed edge sites on the surface of NWs are still limited because the basal
plane is parallel to the axis. Therefore, this high aspect-ratio architecture restricts HER
activity.
Nanoribbons (NRs), another high aspect-ratio architecture, exhibit more exposed
edge sites than NTs or NWs. Freestanding graphene nanoribbons (GNRs), which have been
produced in large scale through chemical oxidization12 or metal intercalation-based
unzipping of carbon NTs,2,3,13,14 have shown enhanced chemical activity at the abundant
edges,14,59,92 WS2 NRs, the GNR-analogue of LTMD, may exhibit improved HER activity
when compared to its NT counterparts because of the increase in the exposed edge sites.
Additionally, the WS2 NRs remain in the metallic phase if they have zigzag edges, which
is beneficial to HER activity.93 Furthermore, chemical intercalation into the fullerene-like
WS2 nanoparticles (NPs) has been shown to significantly reduce the resistivity of WS2 due
to molecular doping.94 This lowered resistivity assists the charge transfer between the
protons and the catalytically active sites in WS2, which is important to promote the HER
activity as suggested by Kibsgaard et al.83
Motivated by these advantages, we report in this section the preparation of metallic
WS2 NRs by chemically unzipping WS2 NTs in high yield and large scale.4 Indeed, we
achieved enhanced electrocatalysis for the HER from conductive WS2 NRs. The analysis
indicates that the HER activity is strongly associated with the number of exposed active
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edge sites. Furthermore, spectroscopic characterization and electrical measurements
suggest that the enhanced conductivity of WS2 NRs might be due to the dopants that remain
after unzipping, which facilitate the electron transfer process and improve the catalytic
performance.
The preparation of WS2 NRs is illustrated in Figure 2.20a. WS2 NTs
(NanoMaterials Ltd.) were intercalated with Na/K alloy and the resulting intercalation
compound was quenched with methanol (CH3OH) or DI H2O, generating H2 that further
facilitates the unzipping of the WS2 NTs into WS2 NRs. The obtained WS2 NRs unzipped
and quenched by CH3OH or H2O have been denoted as WS2 NRs-CH3OH or WS2 NRsH2O, respectively. This facile, scalable and cost-effective technique provides a large
quantity of WS2 NRs for various applications. The SEM image (Figure 2.20b) shows the
structural morphology of the WS2 NTs that are tens of µm in length and 40 to 100 nm in
diameter. The CH3OH quenching gave rise to some partially and some fully unzipped WS2
NRs-CH3OH stacks that were several µm in length (Figure 2.20c). However, the H2O
quenching was more vigorous and the WS2 NTs were almost fully unzipped through
longitudinal splitting along with some cleavage into shorter NRs (Figure 2.20d).
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Figure 2.20. Formation and morphology of WS2 NRs.
(a) Schematic of the formation process of WS2 NRs. (b) SEM image of WS2 NTs; scale
bar, 1 μm. (c) SEM image of WS2 NRs-CH3OH; scale bar, 1 μm. (d) SEM image of short
WS2 NRs-H2O; scale bar, 1 μm.

The TEM image in Figure 2.21a shows a representative as-received multiwall WS2
NT with a diameter of ~ 50 nm. The interlayer spacing of ~6.24 Å agrees well with the
(002) planes of WS2. When quenched with CH3OH, as depicted in Figure 2.21b, the WS2
NRs-CH3OH have a width of >200 nm. DI H2O quenching not only induces almost full
unzipping and shorter WS2 NTs-H2O, but also produces some exfoliated WS2 NTs-H2O
with thinner layers (Figure 2.21c). Furthermore, atomic-resolution scanning tunneling
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electron microscopy (AR-STEM) was used to investigate the molecular structure. The high
angle annular dark field (HAADF) STEM image after fast fourier transform (FFT) filtered
taken at the edges shows an atomically thin layer of WS2 NTs-H2O that exhibits the clear
honeycomb lattice structure in the (101) planes (Figure 2.21d), indicating the high
crystallinity of the obtained WS2 NTs-H2O. The corresponding FFT pattern derived from
HAADF-STEM in the inset of Figure 2.21d is indexed to the hexagonal WS2.

Figure 2.21. TEM characterization of WS2 NTs and WS2 NRs.
(a) TEM image of WS2 NTs; scale bar, 5 nm. (b) TEM image of WS2 NRs-CH3OH on a
lacy carbon grid; scale bar, 50 nm. (c) HRTEM image of ultrathin, short WS2 NRs-H2O;
scale bar, 5 nm. (d) HAADF-STEM image of atomic thin WS2 NRs-H2O showing the basal
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planes (101) with a repeat distance of 2.67 Å; the image after FFT filtered was taken at the
edges; scale bar, 1 nm. The inset is the corresponding FFT pattern.

The electrocatalytic activity of WS2 NRs was evaluated using a standard threeelectrode configuration in 0.5 M H2SO4 electrolyte purged with H2. An iR correction was
normally employed to compensate for any potential loss arising from the external
resistance of the electrochemical system.82,83,95 Unlike those previously reported,82,83,95 the
external resistances have a negligible impact on the polarization curves (Figure 2.22a). The
reason is due to the negligible external resistance compared with charge transfer resistance.
The comparison polarization curves for the WS2 NTs and WS2 NRs films are shown in
Figure 2.22b. In addition, the polarization curve for the control pure glassy carbon (GC) is
shown in Figure 2.22b, which indicates no HER activity for GC. The overpotential at the
cathodic current density of 10 mA/cm2, denoted as η10, can be used to evaluate the HER
performance of the catalysts.96 The η10 for WS2 NRs-CH3OH was ~ 260 mV, significantly
lower than that of WS2 NTs (>420 mV), indicating the greatly enhanced HER activity after
unzipping. The even lower η10 of ~225 mV for WS2 NRs-H2O indicates better HER
activity, in good agreement with the higher concentration of exposed edges and thinner
layers in the WS2 NRs-H2O compared to the WS2 NRs-CH3OH. The WS2 NRs-H2O
exhibits an onset overpotential of ~150 mV, which is in good agreement with the
previously reported values for MoS279,82,95,96 and WS2.91 When the WS2 NRs-H2O were
annealed at 250 °C for 1 h, the HER activity was degraded (Figure 2.22b), showing an η10
of ~313 mV. This could be due to the decreased electrical conductance caused by the
release of dopants in WS2 NRs-250 °C after annealing. This would limit the charge transfer
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process and lower the HER activity.91 Or it could be due to a decrease in the active edge
structure upon annealing.

Figure 2.22. HER electrocatalytic performance of WS2 NTs and NRs.
(a) Representative polarization curves of WS2 NRs-H2O with and without iR-correction.
(b) Representative polarization curves of WS2 NTs, WS2 NRs-CH3OH, WS2 NRs-H2O and
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WS2 NRs-250 °C, obtained at a sweep rate of 5 mV/s. (c) Tafel plots obtained from
polarization curves in (b). (d) Catalyst retention test on WS2 NRs-H2O. (e) Nyquist plots
of WS2 NRs-H2O at overpotentials of 100 mV, 150 mV, 200 mV, and 250 mV. All of the
spectra were collected by scanning from 0.1 Hz to 105 Hz with an amplitude of 10 mV. (f)
Semi-logarithmic plot of applied overpotential vs. 𝑹−𝟏
𝒄𝒕 . 𝑹𝒄𝒕 denotes the charge transfer
resistance.

To further study the catalytic activity of WS2 NRs, the comparison Tafel plots
derived from the polarization curves were used to determine the Tafel slopes (Figure
2.22c). A Tafel slope of ~68 mV per decade (mV/dec) for the WS2 NRs-H2O was
comparable to that reported in 1T phase WS2 nanosheets.91 It is lower than the value
obtained for WS2 NRs-CH3OH of ~ 86 mV/dec, suggesting enhancement of HER activity
by exposing more active sites in WS2 NRs-H2O. Both of these values are much lower than
values obtained for the WS2 NTs architecture, which show a Tafel slope of ~109 mV/dec.
The Tafel slope for the WS2 NRs-H2O increases to 97 mV/dec after annealing, indicative
of degraded HER activity. The exchange densities, reflecting the intrinsic electron transfer
rate of the analyte and the catalyst electrodes, were obtained by fitting the linear portion of
the Tafel plot in the small overpotential according to the Tafel equation.79,83 From the
intersection at zero overpotential, the values for all types of WS2 NRs were close to 0.01
mA/cm2, over 10 times higher than that of WS2 NTs (~8 * 10-4 mA/cm2), suggesting a
greatly improved electron transfer rate between the proton and the active sites of WS2 NRs.
The retention test is critical to evaluate the electrocatalytic performance of the catalysts.
The WS2 NRs-H2O catalysts were cycled 1000 times. Figure 2.22d shows comparison
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polarization curves for the catalysts at the first cycle and after 1000 cycles. The almost
identical curves imply the good catalytic stability of WS2 NRs.
The classic two-electron model for cathodic hydrogen evolution suggests hydrogen
absorption and desorption as one possible mechanism.78,96 In the first step of the proton
discharging process, also called the Volmer reaction, protons are absorbed at the active
sites of the catalysts and combined with electrons to form absorbed molecular hydrogen.97
Subsequently, hydrogen atoms are recombined (Tafel reaction) and desorbed from the
catalytic sites (Heyrovsky reaction). The overall HER activity can be related to the charge
transfer resistance (Rct). In order to study this possible mechanism, electrochemical
impedance spectroscopy (EIS) was employed to examine the electron transfer process
occurring among the WS2 NRs catalysts and the protons. Figure 2.22e shows the
representative Nyquist plots of WS2 NRs-H2O collected at various overpotentials from 100
mV to 250 mV. The experimental data was well-fitted with the typical two-time-constant
model. The Rct was determined from the semicircle in the low-frequency range. The Rct
was much larger than the porosity resistance of the electrode (Rp) and was overpotentialdependent, indicating that the Rct dominated the HER reaction.98 WS2 NRs-H2O had the
lowest Rct of 38 Ω when compared to WS2 NRs-CH3OH (120 Ω) and WS2 NTs (1480 Ω).
When WS2 NR-H2O was annealed at 250 °C, Rct increased to 495 Ω, suggesting the fastest
electron transfer rate between the protons in the active sites occurred in the as-prepared
WS2 NRs-H2O.
The dependence of Rct on the overpotential has a strong correlation to the Tafel plot
of the proton discharging step.96,98 The overpotential vs. inverse Rct was plotted on a log
117

scale in Figure 2.22f. All of the plots exhibited a linear relationship. The obtained slope
(bR) of 122 mV/dec for the WS2 NTs suggested the Volmer reaction in the hydrogen
reaction was the rate-limiting process.96 For the as-prepared WS2 NRs-CH3OH and WS2
NRs-H2O, the smaller slopes of 94 mV/dec and 73 mV/dec indicated a faster proton
discharging rate than that of the WS2 NTs. While the annealed WS2 NRs exhibit higher bR
of 104 mV/dec, the derived bR for all the catalysts were quite close to the Tafel slopes.

Figure 2.23. Electrical measurements of WS2 NTs and NRs.
(a) Scheme of a WS2 NRs FET device. (b) SEM images of the representative WS2 NTs
(top) and WS2 NRs FET devices (bottom); scale bar, 1 μm. (c) Transfer characteristics of
WS2 NTs, WS2 NRs-CH3OH and WS2 NRs-CH3OH-250 °C with a constant source-drain
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voltage of 1 V. (d) I-V characteristics of WS2 NTs, WS2 NRs-CH3OH and WS2 NRsCH3OH after 250 °C annealing.

In order to further study the correlation between the electrical conductivity and the
HER activity of WS2 NRs at the nanoscale, we fabricated WS2 NR field effect transistors
(FETs). Figure 2.23a is a schematic of the WS2 NRs FET. First, WS2 NTs or WS2 NRsCH3OH were dispersed in chloroform and deposited onto highly p-doped silicon wafers
with 300 nm thermal oxide. Next, the electrode leads of the devices were defined with ebeam lithography followed by deposition of Ti/Au (3 nm/80 nm). SEM images of the
representative WS2 NTs (top panel) and WS2 NRs (bottom panel) FETs are shown in
Figure 2.23b. The devices were electrically characterized by applying a constant sourcedrain voltage Vds of 1 V and sweeping the back gate voltage Vgs from -30 V to 30 V. Figure
2.23c shows non-gate-effect transfer characteristics of the WS2 NT and WS2 NR FETs.
The Ohmic behavior of the I-V curves demonstrates the good conductance of WS2 NTs
and WS2 NRs-CH3OH (Figure 2.23d). Strikingly, the WS2 NRs-CH3OH exhibit
significantly improved electrical conductance. The conductance of WS2 NRs-CH3OH was
greatly decreased by ~ 95% when they were annealed at 250 °C (WS 2 NRs-CH3OH-250)
(Figure 2.23c and 2.23d), possibly suggesting the desorption of the dopants during
annealing99 or deactivation of the edges. These observations further confirm the importance
of electrical conductance of the catalysts in HER activity.83
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2.7. Experimental Contributions
Zhiwei Peng synthesized the nanoribbon and hybrid materials, and conducted
characterization analysis. Bostjan performed TGA-MS analysis and magnetic alignment
experiment. Jian Lin performed electrochemical measurement of GNRs/SiO2 and WS2
NRs. Chengguang Zhang synthesized VA-CNT carpet and measured supercapacitance
performance.
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Chapter 3 Carbon Coated Iron Oxide Materials
and Their Use in Energy Storage
Applications
This chapter was entirely copied from references 1 and 2.

3.1. Introduction
Li-ion batteries (LIBs) are the most popular power supplies in portable electronic
devices (PEDs),3 and intense on-going research is seeking to develop new battery
embodiments that achieve superior power density, long-term cyclability and high specific
capacity with electrodes in micro- or lower dimensions.4 A major challenge is the relief of
the mechanical stresses that originates from the volume change and phase transition during
Li-ion discharge/charge cycling. Another challenge is to reduce the initial capacity loss
(ICL) due to side reactions; these are the major obstacles since they are generally the
origins for the degradation and poor cyclability of LIBs.5 Nano-sized materials can be used
to improve LIBs by forming high specific surface area entities for improved charge transfer
kinetics. However, side-effects such as higher contact resistance due to agglomeration of
nanocrystalline materials and larger ICL suggest that other approaches should be developed
to balance the disadvantages of nanocrystallization.6-10 This is especially the case with
Fe2O3, which is an appealing anode material for LIBs because of its high theoretical
capacity (1005 mA h g−1) and natural abundance,11 however the severe volume change
during charge/discharge cycles restrict its further application.12 One way to confine the
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volume change of Fe2O3 is to form passivation shells of carbon onions (few-layer graphene
or graphitic shells) by chemical vapor deposition (CVD).13’14 However, it is still a challenge
to achieve fast discharge/charge or high power density due to the diffusion-controlled
electrode processes in LIBs.15 Additionally, the carbon coatings obtained in the above
mentioned works were of low quality (mostly in amorphous form) as the grown
temperatures were intentionally kept relatively low (typically 400-600 °C), compared to
the high temperature required to get graphitic carbons without the presence of metallic
catalyst,16,17 in order to prevent the aggregation of nanoparticles as well as the reduction of
iron oxide to metallic iron through carbothermal reduction process.18 As a result, the cycle
stability and rate capability of these materials improved are limited and it remains as a
challenge to obtain iron oxide nanoparticles with well-ordered graphitized carbon coatings,
which are more preferable in consideration of its better electrical conductivity, mechanical
properties, and chemical stability that are critical in modifying the Li+ storage properties
of iron oxide.

3.2. Three-Dimensional Thin-Film for Lithium-Ion Batteries and
Supercapacitors
Nanotubes (NTs) in situ grown on conductive substrates with 3-dimensional (3-D)
open frameworks for ion transportation can be directly integrated into thin film LIBs
without using additives.19,20 This further reduces the weight of the LIBs.21 After anchoring
nanoparticles on the surface of nanotubes to form a multi-dimensional hybrid
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nanostructure,22 more active sites for lithium insertion/extraction reactions are expected,
along with synergistic effects from the heterogeneous phase boundaries.
In this section, we present the synthesis of Ta2O5 NTs with good thermal and
electrochemical stability,23,24 anchored by C-Fe2O3 nanoparticles (NPs) to deliver
multifunctional energy storage by combining LIB and supercapacitor performances into
the same material.1 In a first approach, Ta2O5 NTs that were 100 to 150 nm in diameter and
3.5 μm in length were obtained by anodization treatment on tantalum foils. These were
used as a matrix to uniformly anchor iron oxide NPs along the channels of the Ta2O5 NTs.
Reduction of the iron oxide to metallic iron followed by CVD growth of carbon onions on
the iron catalysts afforded the requisite framework. A post-annealing was performed on the
samples to convert the metallic iron (used as a catalyst for the CVD graphene growth) back
to electrochemically active Fe2O3. A morphology change to a roughened surface after
anchoring the C-Fe2O3 NPs (Figure 3.1) exemplifies the uniform anchoring of C-Fe2O3
NPs on the surface of the undamaged Ta2O5 NTs (schematic picture is shown in Figure
3.1e). It is apparent from transmission electron microscopy (TEM) observation (Figure
3.1c) that the C-Fe2O3 NPs were uniformly anchored on Ta2O5 NTs without agglomeration
of the nanoparticles or blocking the channels of the nanotubes. C-Fe2O3 NPs with average
size of 5-10 nm coated with 6 to 8 layer graphene (carbon onions) were identified by the
d-spacing, of 0.27 and 0.34, respectively, from the lattice fringes observed by high
resolution TEM (HRTEM, Figure 3.1d).
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Figure 3.1. Microscopy observation of the heterogeneous nanotubes.
(a-b) SEM images of Ta2O5 NTs covered with C-Fe2O3 NPs. (c-d) HRTEM images of the
heterogeneous nanotubes. (e) Schematic figure for the Ta2O5 NTs coated with C-Fe2O3
NPs.
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The crystalline structure and chemical composition were investigated by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Crystalline Fe2O3 (PDF
00-033-0664) and Ta2O5 (PDF 00-018-1304) were identified from the XRD patterns
(Figure 3.2a), whereas only Ta, Fe, C and O were identified from the XPS spectra (Figure
3.2b-d). From the XPS Fe 2p spectrum, Fe 2p1/2 and Fe 2p3/2 peaks at 725.1 and 711.4 eV
can be assigned to Fe3+, which confirm the formation of Fe2O3 instead of Fe3O4.25
Furthermore the peaks at 26.2 and 28.2 eV in the XPS Ta 4f spectrum are attributed to the
higher oxidation state of Ta5+ in Ta2O5.26 The typical sp2 C=C bonding is from the carbon
onions, which have a graphitic structure.27
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Figure 3.2. Crystallinity and chemical composition analysis of the heterogeneous
nanotubes.
(a) XRD pattern. (b-d) XPS Fe 2p, C 1s, and Ta 4f spectra, respectively. The fitted curves
in XPS profiles are plotted as dotted lines in the spectra.

Cyclic voltammetry (CV) was performed on the samples within a potential window
between 0.01 and 3 V (vs. Li/Li+) at a scan rate of 0.5 mV s-1 to access the electrochemical
reactions that occurred during the initial two lithium insertion/extraction cycles (Figure
3.3a). Control experiments were also conducted to investigate the LIB performance of the
heterogeneous nanotubes: (1) Control-1, Ta2O5 NTs without sensitizer (#C-1); (2) Control2, C-Fe2O3 deposited on tantalum foils (#C-2). All the samples including control
experiments were treated using the same procedure. Considering that a defined
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nanostructure was integrated into thin films, the performance evaluation in this work is
based on the volume and area of the thin film. From the voltammograms of #C-2 (inset in
Figure 3.3a), a cathodic peak at 0.79 V as well as an anodic peak at 1.62 V were assigned
to the lithium insertion/extraction reactions that are shown in eq 3.1:28
Fe2O3 + 6Li+ + 6e-  2Fe + 3Li2O

(3.1)

And from voltammograms of #C-1, the redox peaks located at 0.69 (cathodic) and
1.21 V (anodic) reflect the reversible Li-ion insertion/extraction and the phase transition
between Ta2O5 and Ta suboxides such as TaO2, TaO and Ta2O as in eq 3.2:29
Ta2O5 + x (Li+ + e-)  LixTa2O5

(3.2)

whereas voltammograms of the heterogeneous nanotubes show combined redox peaks
that indicate multiple reactions of both Ta2O5 and Fe2O3 with lithium. By comparing 1st
and 2nd voltammograms of the heterogeneous nanotubes (Figure 3.3b), no redox peaks
shifts were detected and no obvious peak current changes could be distinguished, which
indicates that the redox reactions in the heterogeneous nanotubes are reversible; there are
no irreversible side reactions such as electrolyte decomposition.
Galvanostatic discharge/charge tests were performed on the samples at current
densities from 50 to 1000 μA cm-2 (Figure 3.3c) to investigate their lithium
insertion/extraction reactions. The discharge pseudo-plateau at ~ 0.9 V and the slope from
~ 1.4 to 2 V in charge are attributed to the lithium insertion/extraction reactions with Fe2O3
due to the distinctive two-phase (lithium-poor phase, Fe and lithium-rich phase, Li2O)
coexistence characteristics.28 With continuous increase in the applied current density, the
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potentials for lithium insertion/extraction reactions undergo no noticeable changes. From
the rate capacity tests (Figure 3.3d), a gradually stabilized capacity from 1400 to 800 mAh
cm-3 at a current density of 50 μA cm-2 was observed from the first few cycles in the
heterogeneous nanotubes due to the buffered electrolyte decomposition. The stable
capacity (800 mAh cm-3) obtained is even higher than that found in most 3-D electrodes.3032

With an increase in the applied current up to 1000 μA cm-2, a capacity of 280 mAh cm-3

is maintained (35% retention) which is still appealing for high power energy storage. When
the current density was reduced to 50 μA cm-2, a capacity of 800 mAh cm-3 was recovered
without any polarization effect. The synergism effect between C-Fe2O3 NPs and Ta2O5
NTs in these heterogeneous nanostructured thin film anodes deliver higher capacity at
different current densities than in each material by itself. This is probably due to the
additional lithium storage provided by the charge separation at the space-charge layers
formed in the heterogeneous structure (two-phase boundaries).33
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Figure 3.3. Electrochemical performance of the heterogeneous nanotubes (denoted by
# H in the figures) for Li-ion batteries.
(a) CV was performed over a potential window between 0.01 and 3 V (vs. Li/Li+) at a scan
rate of 0.5 mV s-1. The voltammograms of control experiments are shown in the inset. (b)
Initial two voltammograms from the heterogeneous nanotubes at 0.5 mV s-1. (c-d)
Galvanostatic discharge/charge curves and rate capacity obtained at different applied
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current densities from 50 to 1000 μA cm-2, respectively. (e-f) Cycling tests measured at 50
μA cm-2 for 100 cycles and 1000 μA cm-2 for 10000 cycles, respectively.

To investigate the long-term cycling stability of the heterogeneous nanotubes,
cyclability tests at 50 and 1000 μA cm-2 were performed on the samples for 100 and 10000
continuous cycles after the C-rate tests (Figure 3.3e and f). It is evident that the
heterogeneous nanotubes show stable capacity of 800 mAh cm-3 for 100 cycles while the
control samples show continuous capacity decay in the initial 20 cycles. Additionally, the
high rate capacity of the heterogeneous nanotubes can be stabilized at 200 mAh cm -3 for
10000 cycles, which confirms the electrochemically stable characteristic of the
heterogeneous structure.
Furthermore, the heterogeneous nanotubes in this work present particular structural
advantages over most recently developed and commercial 3-D thin film batteries: (1)
Highly ordered nanotubular structure serves as a stable host to anchor C-Fe2O3 NPs without
losing the advantages of nanoscale size effects caused by agglomeration; (2) Two-phase
boundaries between heterogeneous oxides provide a synergistic effect with additional
charge separation at phase boundaries. Principally, the greatly enhanced LIB performance
of the heterogeneous nanotubes is from the mutual benefits between the dual host Ta2O5
NTs and C-Fe2O3 NPs.
Based on the interesting nanostructure of the 3-D heterogeneous nanotubes (see
schematic picture in Figure 1e), C-Fe2O3 treated Ta2O5 NTs developed in this work could
also be used for supercapacitors due to its ordered micro-sandwich structure (two C-Fe2O3
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NPs layers sandwiching a Ta2O5 NTs layer). Supercapacitive performance was tested first
by CV at different scan rates from 10 mV s-1 to 10 V s-1 in two-electrode symmetric coincells. The measured voltammograms (Figure 3.4a, b) show rectangular or quasi-rectangular
shapes without any redox peaks, which represents the typical performance of electric
double layer capacitors (EDLCs) based on an electrostatic mechanism.34 The EDLCs’
behavior arises from the synergy between the carbon coating and the Ta2O5 matrix.
Additionally, the symmetrical shape of the cathodic and anodic sweeps in voltammograms
recorded at different scan rates indicates reversible discharge/charge processes without
side-reactions. The voltammograms retain their rectangular or quasi-rectangular shape at
fast scan rates up to 5 V s-1, whereas the voltammograms tend to tilt toward the vertical
axis as a quasi-rectangle at 10 V s-1. This indicates that the heterogeneous nanotubes
dominate the supercapacitive effect in their energy storage at scan rate up to 5 V s -1 and
show improved supercapacitive behavior over pristine Ta2O5 NTs. It is common for CA to
decrease when scan rates increase (Figure 3.4c) because the ion penetration and transport
in and along the nanotubes requires sufficient time to generate higher capacitance. The CA
calculated from voltammograms at a scan rate of 10 mV s-1 was 9.6 mF cm-2 and a CA of
2.6 mF cm-2 was obtained even at 10 V s-1. Therefore the b-values fitted from the log (peak
current) vs. log (scan rate) plot, as illustrated in the inset in Figure 3.4c, are 0.81 (cathodic)
and 0.82 (anodic), which indicates a more surface-controlled (supercapacitive) electrode
process.35 Galvanostatic discharge curves obtained at different current densities are
presented in Figure 3.4d. The curves start from increased voltage drop (iR drop) as well as
decreased discharge duration as the current density is increased. The CA (the inset in Figure
3.4d) decreased from 18.2 mF cm-2 at 0.5 mA cm-2 to 8.4 mF cm-2 at 20 mA cm-2, which
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also indicates insufficient time for ion transportation into the interior of the nanotubes at
high current densities. Full use of the active materials was not being achieved. It becomes
more obvious that the CA is greatly enhanced by forming a 3-D heterogeneous structure
than in T2O5 nanotubes alone. A strong frequency dependence of capacitance (Figure 3.4e)
was apparent below 100 Hz and a capacitance of 2.5 mF was obtained at 0.01 Hz. Cycling
tests (Figure 3.4f) measured at 1 mA cm-2 also indicate the heterogeneous nanotubes
provide stable capacitance over 10000 cycles with less than 10% reduction. Moreover, the
heterogeneous nanotubes fabricated in this work deliver a specific capacitance up to 18.2
mF cm-2 based on the calculation from the discharge curve, which is higher than most
recent reports on 3-D nanostructured thin film supercapacitors.36-39 Therefore, C-Fe2O3
NPs uniformly anchored along Ta2O5 NTs, forming an advanced 3-D heterogeneous
structure, delivers not only greatly enhanced LIBs but also appealing supercapacitor
performance.
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Figure 3.4. Electrochemical performance of the heterogeneous nanotubes for
symmetrical supercapacitors.
(a) CV performed over a potential window between 0 and 2.5 V at scan rates from 10 to
200 mV s-1. (b) CV performed over a potential window between 0 and 2.5 V at scan rates
from 500 mV s-1 to 10 V s-1. (c) Variation of areal capacitance at different scan rates. A
log-log plot for the heterogeneous nanotubes is plotted in the inset. (d) Discharge profiles
obtained at different current densities from 0.5 to 20 mA cm-2 (the current density is the
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applied current divided by the geometrical area of the electrode, i.e. 0.785 cm2). The inset
shows the variation of areal capacitance at different current densities. (e) Capacitance
versus frequency. (f) Cycling tests measured at 1 mA cm-2 for 10000 cycles.

3.3. Preparation of Carbon-Coated Iron Oxide Nanoparticles Dispersed
on Graphene Sheets and Applications as Advanced Anode Materials
for Lithium-Ion Batteries
In this section, we report the design and synthesis of iron oxide nanoparticles (5-20
nm in diameter) coated with uniform and thin graphitized carbon shells (2-5 layers) well
dispersed on graphene sheets.2 Benefited from the protective and conductive graphitized
carbon shells and graphene sheets, this nanocomposite displays superior electrochemical
performances for Li+ storage with excellent cycle stability, rate capability, large specific
capacity and high Coulombic efficiency.
The preparation of Fe2O3@C@G is illustrated in Figure 3.5. We started with
nanocomposite of magnetite nanoparticles on graphene sheets (Fe3O4@G). The Fe3O4
nanoparticles were synthesized according to an established approach40 with the presence of
graphene oxide. The functional groups of graphene oxide sheets would facilitate the
nucleation and growth of Fe3O4 nanoparticles. The transmission electron microscopy
(TEM) images (Figure 3.6) shows that the obtained Fe3O4 nanoparticles with diameter
smaller than 10 nm were found uniformly anchored on graphene oxide sheets. The resulting
Fe3O4@G was then put into CVD furnace to grow the carbon coatings by a two-step
synthesis procedure. In the first step, Fe3O4 nanoparticles were reduced in H2 atmosphere
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at 450 °C to metallic Fe nanoparticles, which would then act as catalysts; Secondly,
graphitized carbon shells were grown around Fe nanoparticles that sit on graphene sheets
by using CH4 as carbon source at 800 °C to obtain carbon coated Fe on graphene sheets
(Fe@C@G). Finally, Fe in the core structure was oxidized in air at 280 °C to Fe2O3 to get
the final product Fe2O3@C@G.

Figure 3.5. Illustration of the preparation processes of Fe2O3@C@G nanocomposite
via a two-step CVD growth and post air oxidizing treatment.
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Figure 3.6. Representative SEM images of Fe3O4@G.

Figure 3.7 shows scanning electron microscopy (SEM) and TEM images of
Fe@C@G nanocomposite. From SEM image (Figure 3.7a), small nanoparticles were
closely and uniformly dispersed on the surface of graphene sheets. The low magnification
TEM image (Figure 3.7b) shows an individual graphene sheets homogenously decorated
with nanoparticles (5-20 nm in diameter), which is consistent with the observation from
SEM image. The small size and uniformity of these nanoparticles are still maintained after
800 °C high temperature treatment, highlighting the important role of graphene sheets
which served as excellent space restrictor to prevent the aggregation of nanoparticles
during the high temperature treatments due to their large surface area, high aspect ratio and
also to the strong interactions between graphene sheets and the nanoparticles grown on.
From the high resolution TEM images (Figure 3.7c-d), it can be seen that every individual
nanoparticle is uniformly coated with graphitized carbon shells and the thickness of the
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coating is typically 2-5 layers. The carbon shells obtained here were grown by CVD
method, which is known to favor uniform and full carbon coating, making it a superior
coating technique than other carbon coating techniques, such as ball milling,41 wet
mixing,42 and hydrothermal.43,44 From the high resolution TEM image in Figure 3.7d, the
core structure is crystalline and the lattice fringes with interlayer distance of 0.201 nm
corresponds to the spacing between (110) planes of α-Fe crystals.

Figure 3.7. The morphology of Fe@C@G.
(a) SEM image of Fe@C@G. (b-d) TEM images of Fe@C@G at different magnifications.
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Fe@C@G was then subjected to air oxidizing to convert Fe to Fe2O3, which would
then be used as the active material for Li+ storage in the assembled LIB device. Figure 3.8a
and 3.8b show the low and high resolution TEM images for Fe2O3@C@G. It can be seen
that the morphology of the sheet-like structure of Fe2O3@C@G is quite similar to
Fe@C@G, but with less contrast due to the lower electrical conductivity of Fe2O3 than Fe.
Meanwhile, the carbon shells were well preserved after air oxidizing. It has to be mentioned
that the volume expansion coming along with the oxidizing may cause cracking of the thin
carbon shells and the defects or distortion caused by slight cracking may help the transport
of Li+ through the carbon shells. From elemental mapping analysis (Figure3.8d-f), the
uniform distribution of C, Fe and O can be recognized.
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Figure 3.8. Morphology of Fe2O3@C@G.
(a) Low and (b) high magnifications of typical TEM images of Fe2O3@C@G. (c) Energy
filter transmission electron microscopy (EFTEM) image and corresponding elemental
mapping images of (d) carbon (e) iron and (f) oxygen, showing the homogeneous
dispersion of iron and oxygen on the graphene sheets. Scale bars in (c), (d), (e) and (f) are
in 50 nm.

X-ray photoelectron spectroscopy (XPS) was then used to determine the chemical
composition of the Fe2O3@C@G nanocomposite. The survey spectrum (Figure 3.9a)
shows peaks characteristic of Fe, O, and C. The Fe 2p spectrum (Figure 3.9b, red curve),
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which is sensitive to iron valence state, shows that the peaks of Fe 2p3/2 and Fe 2p1/2 for
Fe2O3@C@G are at 710.7 eV and 724.2 eV (compared to 707.0 eV and 720.3 eV for
metallic Fe in the Fe@C@G composite before the air oxidizing treatment as shown in the
black curve of Figure 3.9b), in good consistence with those of Fe2O3.45 In addition, the
presence of satellite peak in Fe2O3@C@G is also characteristic for Fe3+ in Fe2O3.46 The
specific surface area and pore size distribution of Fe2O3@C@G were examined by nitrogen
adsorption measurements. The adsorption/desorption isotherm and pore size distributions
were shown in Figure 3.10. The Brunauer-Emmett-Teller (BET) surface area of
Fe2O3@C@G was calculated to be 156.3 m2/g, which is higher than those for other
reported iron oxide carbon composites (smaller than 120 m2/g)47-49 and mesoporous iron
oxides (116-128 m2/g).50,51 Such high surface area would offer sufficient interfaces to
facilitate the electrochemical reactions. The pore size distribution curve plotted from the
desorption isotherm using the Barrett-Joyner-Halenda (BJH) method revealed the presence
of mesopores with average pore size of 3.8 nm. The Fe2O3 content was determined to be
~78 wt% in the nanocomposite by thermal gravimetric analysis (TGA) performed in air
(Figure 3.11). The high loading of electrochemically active Fe2O3 and the unique
nanostructures would promise Fe2O3@C@G with excellent Li+ storage properties when
used as anode materials.
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Figure 3.9. XPS characterizations.
(a) XPS survey spectrum of Fe2O3@C@G. (b) Fe 2p spectrum of Fe@C@G (black curve)
and Fe2O3@C@G (red curve).

Figure 3.10. BET measurement of Fe2O3@C@G.
(a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution of
Fe2O3@C@G.
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Figure 3.11TGA curve of Fe2O3@C@G obtained at a heating rate of 5 °C min-1 under
air between 25 °C and 900 °C.

To test the electrochemical performances of the composite as anode for LIB, coin
cells were fabricated using metallic lithium foil as counter electrode, and working electrode
was prepared by mixing the composite with Polyvinylidene fluoride (PVDF) with weight
ratio of 90:10. Considering the good electrical conductivity from the graphene sheets and
graphitized carbon shells, no other conductive additives were added in contrast to the other
studies.47,48,52,53 This is crucial in practical application since the extra weight from the
conductive additives would lower the specific capacity of the electrode. Figure 3.12a shows
the galvanostatic charge-discharge profiles for the 1st and 2nd cycles at current density of
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100 mA/g in the voltage range of 0.01-3 V. The 1st discharge curve consists of two slope
regions and a plateau. The first slope from 1.5 V to 0.8 V is attributed to the Li+ insertion
into the structure of iron oxide with the reduction from Fe3+ to Fe2+.45 The plateau at ~0.8
V is due to the further conversion of Fe2+ to metallic Fe0.54 The second slope after 0.8 V
mainly comes from the reversible Li+ storage in graphene sheets and the decomposition of
electrolyte. The 1st discharge and charge specific capacity are found to be 1038 mAh/g and
891 mAh/g respectively, and this gives 1st cycle Coulombic efficiency of 86%. The
irreversible 14% capacity loss is mainly due to the electrolyte decomposition and the
formation of SEI.55-57 The 1st cycle Coulombic efficiency is much higher than those of
reported carbon coated CNT@Fe2O3(55%),58 polypyrrole-coated Fe2O3@C (70%),59
Fe3O4/C core-shell nanorods (71.7%),52 and carbon coated Fe3O4 nanospindles (80%).47
The remarkably reduced irreversible capacity can be the ascribed to full carbon coatings,
which can effectively prevent the direct contact of electrolyte and iron oxide nanoparticles,
and help stabilize the SEI formed on the interface.53,60 The increased Coulombic efficiency
is critical in practical application, as lower Coulombic efficiency means more loss of Li +
from the cathode material, which would add weight to a battery in full configuration.61
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Figure 3.12. Performance of Fe2O3@C@G.
(a) Galvanostatic charge-discharge profiles of the first two cycles of Fe2O3@C@G with
current density of 100 mA/g at voltage range of 0.01-3V. (b) The cycle performance of
Fe2O3@C@G at current density of 100 mA/g. (c) Rate performance of Fe2O3@C@G at
five different current densities and (d) the corresponding charge-discharge profiles at each
current density.

From the 2nd cycle onwards (Figure 3.12b), the discharge capacity slightly
decreased from 726 mAh/g to 673 mAh/g after the following 10 cycles and then gradually
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increased to 864 mAh/g after 100 times cycling, corresponding to 120 % retention against
that at 2nd cycle. The specific capacity increase may be due to the formation of a gel-like
layer or certain activation process to allow the full utilization of well-coated iron oxide
nanoparticles.55,62 The Coulombic efficiency kept nearly 99% after 10 cycles, indicative of
the stability of the SEI film and good reversibility of the electrochemical reactions.59,63
In addition to its superior cycle performances, the Fe2O3@C@G electrode also
shows excellent rate capability. The rate capability was evaluated by cycling the electrode
for 10 times each at five different current densities and the results are shown in Figure
3.12c-d. It can be seen that at discharging current densities as high as 1000 mA/g and 2000
mA/g, the specific capacities keep at 480 mAh/g and 430 mAh/g, corresponding to 67%
and 60 % retention compared to that at 100 mA/g. In addition, when the current density
was brought back to the initial 100 mA/g, the specific capacity recovered to ~750 mAh/g,
indicating that the structure of the electrode remains stable even after the high rate cycling.
The excellent high Coulombic efficiency, cycle stability and rate capability of
Fe2O3@C@G can be mainly ascribed to the following factors: 1) the small size of iron
oxide nanoparticles allows fast transport of electrons and Li+ ions and the large surface
area provides efficient interface for the electrochemical reaction to take place; 2) the
electrical conductivity of the composites is greatly improved by the hierarchically
conductive networks resulting from the uniform and continuous graphitized carbon coating
as well as from the graphene sheets, which act as nano-current collector and electrically
interconnect the physically isolated iron oxide nanoparticles with conductive carbon shells;
3) carbon coating shells and graphene sheets largely improve the structural integrity and
robustness of electrode by suppressing sintering problem and volume change during
158

cycling. In addition, they effectively prevent the direct contact between iron oxide
nanoparticles and electrolyte during cycling, thus decreasing the irreversible capacity
coming from the formation and propagation of unstable SEI.
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3.5. Experimental Contributions
Zhiwei Peng synthesized the active material and conducted the characterization
analysis. Yang Yang measured the electrochemical performance of heterogeneous
nanotubes. Huilong Fei measured the electrochemical performance of Fe2O3@C@G
material. Gedeng Ruan conducted the BET measurement. Xiujun Fan helped in the CVD
process. Gunuk Wang and Lei Li helped in the device fabrication. Loic Samuel designed
the synthesis schematics.

167

Chapter 4 Laser Induced Graphene
This chapter was entirely copied from references 1, 2 and 3.

4.1. Introduction
Over the past decade, graphene based nanomaterials have been widely studied due
to their unique physical and chemical properties.4 Through synthesis and engineering
design, graphene can have porous and 3-dimensional (3D) structures, leading to a wide
range of applications from composite fillers to energy storage devices. 5,6 Despite the
tremendous advances, current synthesis methods of porous graphene require either high
temperature processing,5-7 or multi-stepped chemical synthesis routes,8-10 lessening their
wide-spread commercial potential. Therefore, straightforward synthesis, and especially
patterning, of graphene based nanomaterials in a scalable approach is still a technologically
important goal in achieving commercialized microscale energy storage devices, and in
particular for emerging wearable electronics.11 Glassy carbon has been produced from
insulating polyimide via pulsed ultraviolet (UV) laser treatment.12 However, to our
knowledge, the detailed structural study of the obtained materials, especially at the nearatomic level; the correlation of the materials structures to their electrochemical
performances; and the formation of graphene by this route have not been disclosed.
On the other hand, though the past decade has witnessed rapid growth in the study
of batteries and supercapacitors (SCs),5,13-18 two topics still remain as primary challenges
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in the development of advanced energy storage devices. The first challenge is in the
fabrication of a single device that combines the high power performance of SCs with the
high energy density of batteries.19,20 The second challenge involves miniaturizing energystorage units to meet the size limitations of portable, microelectronic systems.21-24 To
address the first issue, an active electrode material with highly accessible surface area and
conductivity is desired in order to form a more stable electrochemical double layer (EDL)
with fast ionic transport.25,26 Also, compact stacking of individual SCs with minimal
contact resistance can multiply the operational voltage or energy storage while maintaining
good electrochemical behavior and further increase the power or energy density.27-30 As
for the second challenge, microsupercapacitors (MSCs) are sought with an in-plane
structure that would be suitable for use in microscale integrated circuits.11,17 However,
most fabrication methods require conventional lithographic techniques for device
patterning,31 which are costly when the devices are considered for low-cost consumer
applications.

4.2. Laser Induced Porous Graphene Films from Commercial Polymers
In this section, we demonstrate the production of 3D porous graphene films from
polymers by laser induction.1 The materials were well characterized and demonstrated a
new application in energy storage. Moreover, theoretical calculations provide support for
the proposed mechanism of enhanced charge storage in correlation with analytical results
from high resolution imaging.
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As depicted in Figure 4.1a, irradiation of a commercial polyimide (PI) film by a
CO2 infrared laser under ambient conditions converts the film into porous graphene which
we term laser-induced graphene (LIG). With computer-controlled laser scribing, LIG can
be readily written into various geometries, as shown in the scanning electron microscopy
(SEM) image (Figure 4.1b). Our17 and other groups19-22,32-34 have recently demonstrated
fabrication of MSCs using conventional lithography techniques that requires masks and
restricted operational conditions. While there have been recent developments in laserscribing hydrated graphene oxide (GO) films,31,35 Here we show a one-step laser-scribing
on commercial polymer films in air to form 3D graphene layers. The approach is inherently
scalable and cost-effective in fabricating large-area devices, and might be transferred to a
roll-to-roll process.
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Figure 4.1. LIG formed from commercial PI films using a CO2 laser at a power of 3.6
W to write patterns.
(a) Schematic of the synthesis process of LIG from PI. (b) SEM image of LIG patterned
into an owl shape; scale bar, 1 mm. The bright contrast corresponds to LIG surrounded by
the darker-colored insulating PI substrates. (c) SEM image of the LIG film circled in b;
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scale bar, 10 µm. Inset is the corresponding higher magnification SEM image; scale bar, 1
µm. (d) Cross-sectional SEM image of the LIG film on the PI substrate; scale bar, 20 µm.
Inset is the SEM image showing the porous morphology of LIG; scale bar, 1 µm. (e)
Representative Raman spectrum of a LIG film and the starting PI film. (f) XRD of
powdered LIG scraped from the PI film.

LIG films obtained with a laser power of 3.6 W, denoted as LIG-3.6 W, were further
characterized with SEM, Raman spectroscopy, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and Fourier transform infrared (FTIR) spectroscopy.
Figure 4.1c shows that LIG films exhibit the appearance of a foam with porous structures
resulting from the rapid liberation of gaseous products.36 Cross-sectional SEM images of
LIG reveal ordered porous morphology (Figure 4.1d). These porous structures render
enhanced accessible surface areas and facilitate electrolyte penetration into the active
materials. The Raman spectrum of LIG (Figure 4.1e) shows three prominent peaks: the D
peak at ~1350 cm-1 induced by defects or bent sp2-carbon bonds, the first-order allowed G
peak at ~1580 cm-1, and the 2D peak at ~2700 cm-1 originating from second order zone
boundary phonons.37 If PI is carbonized at temperatures ranging from 800 to 1500 °C, the
resulting Raman spectrum is similar to that of glassy carbon. But the spectrum for LIG
(Figure 4.1e) is clearly different from that of glassy carbon.38 The 2D peak of LIG can be
fitted with only one Lorentzian peak centered at 2700 cm-1, the same as in single-layer
graphene (SLG),37 but with a larger full width at half maximum (FWHM) of ~60 cm-1. This
2D band profile is typical of that found in 2D graphite consisting of randomly stacked
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graphene layers along the c axis.39,40 Finally, D/G intensity ratio indicates a high degree of
graphene formation in the LIG films.37
The XRD pattern (Figure 4.1f) shows an intense peak centered at 2θ = 25.9°, giving
an interlayer spacing (Ic) of ~3.4 Å between (002) planes in the LIG, and it indicates the
high degree of graphitization. The asymmetry of the (002) peak, with tailing at smaller 2θ
angles, also points to an increased Ic. The expanded Ic can be attributed to regions where
defects are distributed on hexagonal graphene layers. The peak at 2θ = 42.9o is indexed to
(100) reflections which are associated with an in-plane structure. From these, the
crystalline size along the c-axis (Lc) and a-axis (La) are calculated to be ~17 nm and ~32
nm, respectively. The XPS spectrum of LIG-3.6 W shows a dominant C—C peak with
greatly suppressed C—N, C—O and C=O peaks (Figure 4.2). It suggests that LIG films
are dominated by sp2-carbons, agreeing well with the Raman and XRD results.
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Figure 4.2. XPS characterization of LIG-3.6 W films.
(a) XPS surveys of LIG and PI. Comparasion curves show that the oxygen and nitrogen
peaks were significantly suppressed after PI was converted to LIG. (b) High resolution C1s
XPS spectrum of the LIG film and PI, showing the dominant C—C peak. The C—N, C—
O and C=O peaks from PI were greatly reduced in the C1s XPS spectrum of LIG, which
indicates that LIG was primarily sp2-carbons. (c) High resolution O1s XPS spectrum of a
LIG-3.6 W film and PI. After laser conversion, the C—O (533.2 eV) peak becomes more
dominant than C=O (531.8 eV). (d) High resolution N1s XPS spectrum of a LIG-3.6 W
film and PI. The intensity of the N1s peak was greatly reduced after laser exposure.
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The micro- and nano-structure of LIG flakes was investigated by transmission
electron microscopy (TEM). Figure 4.3a shows thin LIG flakes with few-layer features as
indicated from the edges of the flake. Moreover, ripple-like wrinkled structures can be
observed from the surface of the flakes; these structures in graphene have been shown to
improve the electrochemical performance of devices.15 High-resolution TEM (HRTEM)
images in Figure 4.3b reveals that the nano-shaped ripples are exposed edges of graphene
layers. The formation of these ripples could be attributed to thermal expansion caused by
laser irradiation. The average lattice space of ~3.4 Å shown in Figure 4.3b corresponds to
the distance between two neighboring (002) planes in graphitic materials, and it agrees well
with the XRD results. The aberration-corrected scanning transmission electron microscopy
(Cs-STEM) image (Figure 4.3c) shows the unusual ultra-polycrystalline feature of LIG
flakes with disordered grain boundaries. This observation is further depicted in Figure 4.3d
expanding a hexagon lattice with a heptagon with two pentagons. These abundant
pentagon-heptagon pairs can account for the curvature of the graphene layers leading to
the porous structure.41 Importantly, these defects could offer avenues towards
functionalization of LIG for catalysis applications.42 Additionally, our theoretical
calculations suggest that these defects could enhance electrochemical capacity, and this
will be discussed in detail below.
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Figure 4.3. TEM images of LIG obtained with a laser power of 3.6 W.
(a) HRTEM image taken at the edge of a LIG flake showing few-layer features and highly
wrinkled structures; scale bar, 10 nm. (b) HRTEM image of LIG; scale bar, 5 nm. Average
lattice space of ~3.4 Å corresponds to the (002) planes of graphitic materials. (c) Cscorrection STEM image taken at the edge of a LIG flake; scale bar, 2 nm. It shows an ultra-
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polycrystalline nature with grain boundaries. (d) TEM image of selected area indicated as
a rectangle in (c). It shows a heptagon with two pentagons as well as a hexagon.

To investigate the effect of laser power, LIG was prepared using powers ranging
from 2.4 W to 5.4 W in 0.6 W increments at a scan rate of 3.5 inches per second. In Figure
4.4a, beginning at 2.4 W, the atomic percentage of carbon sharply increases from the
original 71% in PI to 97% in LIG while the atomic percentages of both nitrogen and oxygen
decrease precipitously to < 3% (Table 4.1). This threshold power effect has been wellstudied in UV ablation of polymers.43 The threshold power shows a linear dependence on
the scan rate (Figure 4.5). If the scan rate increases, higher threshold power needs to be
applied in order to initiate the graphitization. Meanwhile, the sheet resistance (Rs) of LIG2.4 W is reduced to <35 Ω/sq (Figure 4.4b). Below the threshold of 2.4 W, PI is an insulator
with Rs >> 90 MΩ/sq (instrument limit). As the laser power increases to 5.4 W, Rs is
gradually reduced to a minimum value of <15 Ω/sq; the translated conductivity is ~ 25
S·cm-1, higher than in laser-reduced GO.44 Figure 4.4b shows two distinct slopes of Rs vs.
laser power. The slope when the laser power was < 4.2 W is larger than the one when it
was > 4.2 W. This suggests that when the laser power is < 4.2 W, the thermal power
dominates the quality of the films. Therefore increased laser power leads to higher
graphitization. As the thermal power rises above 4.2 W, oxidation starts to play an
increasingly deleterious role in the quality of the films. Therefore the slope lessens.
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Table 4.1. Summary of atomic percentage of carbon, oxygen and nitrogen in raw
material (PI) and LIG derived from different laser powers. All of the data was
obtained by high-resolution XPS scans.

Carbon

Oxygen

Nitrogen

Materials
(%)

(%)

(%)

Polyimide

70.5

22.5

7.0

LIG-1.2 W

72.2

20.3

7.5

LIG-1.8 W

74.7

18.2

7.1

LIG-2.4 W

97.3

2.5

0.2

LIG-3.0 W

95.5

4.1

0.4

LIG-3.6 W

94.5

4.9

0.6

LIG-4.2 W

94.0

5.5

0.5

LIG-4.8 W

92.3

6.9

0.8

LIG-5.4 W

91.3

7.7

1.0
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Figure 4.4. Characterizations of LIG prepared with different laser powers.
(a) Atomic percentages of carbon, oxygen and nitrogen as a function of laser power. These
values are obtained from high-resolution XPS. The threshold power is 2.4 W, at which
conversion from PI to LIG occurs. (b) Correlations of the sheet resistance and LIG film
thicknesses with laser powers. (c) Raman spectra of LIG films obtained with different laser
powers. (d) Statistical analysis of ratios of G and D peak intensities (upper panel), and
average domain size along a-axis (La) as a function of laser power (x axis).
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Figure 4.5. Correlation of threshold laser power to scan rate.
The threshold power shows a linear dependence on the scan rate. Conditions indicated by
the shaded area lead to laser graphitization.

Raman spectroscopy is a powerful tool to obtain crystalline size (La) along the aaxis of graphitic materials by analyzing ratios of the integrated intensities of G and D peaks
(IG/ID).45 Figure 4.4c shows representative Raman spectra of LIG films attained with laser
powers from 2.4 to 5.4 W. The statistical analysis of IG/ID vs. laser powers is plotted in the
upper panel of Figure 4.4d. The La values calculated from the average IG/ID ratio is shown
in the lower panel of Figure 4.4d showing increased La up to ~40 nm as the laser power
rises to 4.8 W. This increase can be attributed to increased surface temperatures.43 Further
increase in power degrades the quality of the LIG with La of ~17 nm in LIG-5.4 W, which
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is attributable to the partial oxidation of LIG in air. This can be further verified from
profound defect-correlated D’ peaks centered at ~1620 cm-1 in LIG-5.4 W (Figure 4.4c).
Laser ablation of polymers has been studied since the early 1980s.46 Because of its
complex nature, the detailed mechanism is still debated as being a photothermal or
photochemical process, or both.47 Since photochemical processes tends to occur in lasers
with short wavelengths and ultra-short pulse widths, our infrared LIG formation is more
likely to be caused by photothermal effects due to its long wavelength (~10.6 µm) and
relatively long pulses (~14 µs). The energy from laser irradiation results in lattice
vibrations which could lead to extremely high localized temperatures (> 2500 °C) that can
be qualitatively detected by laser-induced fluorescence.36 This high temperature could
easily break the C—O, C=O and N—C bonds, as confirmed by the dramatically decreased
oxygen and nitrogen contents in LIG (Figure 4.4a and Table 4.1). These atoms would be
recombined and released as gases. Aromatic compounds are then rearranged to form
graphitic structures, during which oxidation of these graphitic structures can be minimized
by an overlayer of the evolved gases. We have found that the mechanism of laser
graphitization in polymers is strongly correlated to the structural features present in the
repeat units, such as aromatic and imide repeat units. We tried to generalize this laser
induced graphitization process by testing 15 different polymers. Out of them, only two
polymers, PI and poly(etherimide) (PEI), both of which contain aromatic and imide repeat
units, can form LIG (Table 4.2 and Figure 4.6). Four other step growth polymers and all 9
of the chain growth polymers tested did not afford LIG. The reason for other step growth
polymers being inactive is not conclusively known. The chain growth polymers likely
undergo rapid depolymerization at the laser-induced temperatures.
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Table 4.2. Summary of polymers, their chemical repeat units and their LIG-forming
capability. Out of 15 polymers, only PI and PEI were successfully converted to LIG.
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Figure 4.6. Characterization of LIG from different polymers.
(a) A photograph of patterns induced by lasers on different polymers (PI, PEI and PET) at
laser power of 3.0 W. Note that the only two polymers that blackened in this way were PI
and PEI. (b) Raman spectrum of PEI-derived LIG obtained with a laser power of 3.0 W.

Inspired by the advantages suggested from the experimental results, we fabricated
in-plane interdigitated LIG microsupercapacitors (LIG-MSCs) in which LIG serves as both
the active electrodes and the current collectors. Well-defined LIG-MSC electrodes are
directly written on PI sheets with a neighboring distance of ~300 µm (Figure 4.7a-b). This
distance can be further decreased by using a smaller laser aperture. After writing, silver
paint was applied on common positive and negative electrodes, and then Kapton tape was
employed to define the active electrodes. Figure 4.7c depicts the device architecture of the
fabricated LIG-MSCs, and the fabrication protocol is described in the Supplementary
Methods. Cyclic voltammetry (CV) and

galvanostatic charge-discharge (CC)

measurements were then performed to investigate the electrochemical performance of the
fabricated LIG-MSCs. All CV curves of LIG-MSCs made with LIG electrodes at various
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laser powers are pseudo-rectangular in shape, which indicates good double-layer capacitive
behaviors. LIG-MSCs constructed with LIG-4.8 W electrodes generally exhibit the highest
specific areal capacitance (CA). The CA of LIG-MSCs made from PEI is ~10% of those
from PI, possibly associated with the lower nitrogen content. Therefore, all other
electrochemical measurements were carried out on LIG-MSCs made from PI with a laser
power of 4.8 W. Figure 4.7d-e are the CV curves at scan rates ranging from 20 to 10,000
mV·s-1. Although there exist certain level of oxygen or nitrogen contents in LIG, the
devices do not exhibit pseudo-capacitive behavior as suggested from CV curve at small
rate of 20 mV·s-1 which shows no anodic and cathodic peaks. Even at a high rate of 10,000
mV·s-1, the CV curve maintains its pseudo-rectangular shape, and this is suggestive of high
power performance. The CA as a function of scan rate is shown in Figure 4.7f. At a scan
rate of 20 mV·s-1, the CA is >4 mF·cm-2 which is comparable to or higher than the values
obtained in recently reported GO-derived supercapacitors;9,19,31,35,48 the specific
capacitance of the material by weight is ~ 120 F·g-1. At 10,000 mV·s-1, the CA is still higher
than 1 mF·cm-2. This excellent capacitive behavior is further confirmed by the nearly
triangular CC curves at varying current densities from 0.2 to 25 mA·cm-2 (Figure 4.7g-h).
From the CA vs. discharge current densities (ID) plotted in Figure 4.7i, the LIG-MSCs can
deliver CA of ~3.9 mF·cm-2 at ID of 0.2 mA·cm-2 and still maintain 1.3 mF·cm-2 even when
the devices are operated at ID of 25 mA·cm-2. This value is comparable or higher than those
reported for some carbon-based MSCs at the same current densities.19,21,31,35
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Figure 4.7. Devices, electrochemical performances of LIG-MSCs from LIG-4.8 W in
1 M H2SO4, and GB-induced properties.
(a) A digital photograph of LIG-MSCs with 12 interdigital electrodes; scale bar, 1 mm. (b)
SEM image of LIG electrodes; scale bar, 200 µm. (c) Schematic diagram of LIG-MSCs
device architecture. (d-e) CV curves of LIG-MSCs at scan rates from 20 to 10,000 mV·s1

. (f) Specific areal capacitance (CA) calculated from CV curves as a function of scan rates.

(g-h) CC curves of LIG-MSCs at discharge current densities (ID) varied from 0.2 to 25
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mA·cm-2. (i) CA calculated from CC curves vs. ID. (j-k) Charge density distribution of the
states within a voltage window (-0.1, 0.1) V for type I and II polycrystalline sheets. The
defects at the grain boundaries are shadowed, and numbers show the misorientation angle
between the grains. (l) A carbon layer fully composed of pentagons and heptagons
(pentaheptite). (n) Calculated quantum capacitance (defined in the text) of perfect and
polycrystalline/disordered graphene layers.

The high capacitance of the LIG-MSC can be attributed to the 3D network of highly
conductive graphene showing high surface area and abundant wrinkles, which provide easy
access for the electrolyte to form a Helmholtz layer. Moreover, density function theory
(DFT) calculations suggest that the ultra-polycrystalline nature of LIG-MSC can also
improve the capacitance. The total capacitance (C) is contributed by the quantum
capacitance (Cq), and the liquid electrolyte (Cl) consisting of Helmholtz and diffusion
regions:49 C-1 = Cq-1+ Cl-1. Cl is mostly controlled by surface area. Cq represents the
intrinsic property of the electrode material and can be calculated from its electronic
structure:50
V

Cq (V ) 

1
eD( F  eV ) d V 
SV 0

where S is the surface area, V is the applied voltage, D is the density of states, εF is the
Fermi level, and e is the electron charge. The ultra-polycrystalline nature suggested by
Figure 4.3c-d as well as Figure 4.4d indicates the abundance of grain boundaries (GBs),
which are composed of pentagon and heptagon pairs.51 These defects are more ‘metallic’
than regular hexagons,52 and therefore can be expected to enhance the charge storage
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performance. The GB effect is modeled by a planar polycrystalline graphene sheet. Two
types of GBs are considered as representatives (Figure 4.7j-k). As an extreme case, we also
consider a graphene sheet fully composed of pentagons and heptagons (Figure 4.7l), so
called "pentaheptite".53 The calculated Cq is shown in Figure 4.7n. Clearly, a
polycrystalline sheet has a much higher Cq than perfect graphene, as a result of a higher
density of states near the Fermi level due to the presence of GBs. The type II GB enhances
the storage more than in type I, as it has a higher defect density along the GBs. The highest
Cq is found in pentaheptite due to its highest disorders and metallicity. Though here only
the Cq is calculated, it can be expected that the Ctot increases as Cq increases. These results
suggest that GBs-rich LIG with maintained electric conductivity would be able to deliver
higher capacitance than perfect defect-free graphitic materials. Chemical doping of its rich
ultra-polycrystalline domains of pentagon-heptagon rings might further enhance the
capacitance. This is the first theoretical calculation that shows the effect of pentagonheptagon grain boundaries on charge storage, a result that could inspire theoreticians to
further explore the potential of these materials.

4.3. Laser Induced Graphene for Stackable, Flexible Supercapacitors
In this section, we extend this method to fabricate flexible LIG based SCs by using
a solid-state polymeric electrolyte, poly(vinyl alcohol) (PVA) in H2SO4.2 Two flexible,
solid-state SCs are described: LIG-SCs and LIG-MSCs. These devices show areal
capacitance of >9 mF/cm2 at a discharge current density of 0.02 mA/cm2, which is over
twice that achieved when using aqueous electrolytes.1 Furthermore, by laser induction of
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both sides of the PI sheets, solid state LIG-SCs can be stacked to form high density energy
storage devices that multiply their electrochemical performance while maintaining
flexibility.
Figure 4.8a schematically illustrates the process in fabricating flexible, solid-state
LIG-SCs. The process begins by first transforming the surface of a PI sheet into porous
graphene under laser induction using a commercially available, computer controlled CO2
laser cutting system,and then assembling either a single LIG-SC or stacked LIG-SC. Figure
4.8b show the photograph of a typical single LIG-SC device manually bent to demonstrate
its intrinsic flexibility. A critical advantage of this fabrication method is that LIG can be
easily produced under ambient conditions on both sides of the PI sheet with a remaining
central insulating PI layer to separate them (Figure 4.8c), which then facilitates layer-bylayer stacking of LIG-SCs. Alternatively, this same technique can also be used to pattern
LIG into interdigitated electrodes for fabrication of solid state in-plane LIG-MSCs. This
one-step approach is both straightforward and cost-effective, and could easily fit into a
scalable, roll-to-roll process for industrial production of graphene-based energy storage
systems.
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Figure 4.8. Fabrication and characterization of LIG-SCs.
(a) Schematic illustration showing the fabrication process for assembling a single LIG-SC
and stacked LIG-SC. (b) Optical image of a fully assembled single LIG-SC manually bent.
(c) Cross sectional SEM image of a PI substrate with both sides laser induced to form
graphene. (d) SEM image of the LIG films showing a porous 3D network. (e) TEM image
of a LIG thin film showing nano-sized wrinkles and ripples. Inset is a HRTEM image of a
LIG nanosheet showing numerous graphene edges.

To investigate its electrochemical performance, LIG was first fabricated into a
flexible, single LIG-SC by sandwiching a solid, polymeric electrolyte (PVA and H2SO4)
between two single-sided LIG-PI sheets which functioned both as the working electrode
and current collector. The cyclic voltammetry (CV) curves shown in Figure 4.9a were
pseudo-rectangular over varying scan rates (5, 10, 20, and 50 mV/s), which is indicative of
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good EDL stability. In addition, Figure 4.9b shows that when different current densities
(0.02, 0.05, 0.10, and 0.20 mA/cm2) were applied, the galvanostatic charge-discharge (CC)
curves were nearly triangular, indicating good capacitive behavior. From the initial stage
of discharge, the negligible voltage drop shows that the device has low internal resistance.
The calculated areal capacitances (CA) from the CC curves with its corresponding current
densities are shown in Figure 4.9c, with the highest capacitance being 9.11 mF/cm2 at a
corresponding current density of 0.01 mA/cm2, comparable to the values reported in the
literature for graphene based microsupercapacitors (0.4 to 2 mF/cm2).9,17 Also, the single
LIG-SC shows excellent cycle stability, where after 8000 CC cycles, the device retained
over 98% of its capacity (Figure 4.9d).
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Figure 4.9. Electrochemical performance of a single LIG-SC.
(a) CV curves of LIG-SCs at scan rates of 5, 10, 20 and 50 mV/s. (b) Galvanostatic CC
curves of LIG-SCs at current densities of 0.02, 0.05, 0.10 and 0.20 mA/cm2. (c) Specific
areal capacitances calculated from CC curves as a function of current density. (d)
Cyclability testing of LIG-SCs with a CC current density of 0.8 mA/cm2.

Next, the assembled single LIG-SCs performance stability was tested under
mechanical bending. Figure 4.10a compares the CV curves of a flexible single LIG-SC
over different bending radii (12 mm to 24 mm) and remarkably shows that the bent device
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exhibits nearly identical behavior to the flat LIG-SC. Also, Figure 4.10b shows that the
calculated CA under different bending radii remained almost constant. From Figure 4.10c,
the CA was well-maintained after 7000 bending cycles at a radius of 14 mm indicating that
repeated bending has little effect on its electrochemical performance. These findings
further reinforce the assertion that LIG-SC is a promising candidate for energy storage
devices in flexible, portable, and wearable electronics.

Figure 4.10. Electrochemical performance of LIG-SCs under bending.
(a) CV curves of LIG-SC at varying bending radius. The scan rate was set at 0.02 V/s. (b)
Capacity retention at different bending radius. Capacitance retention was calculated from
CC curves at a current density of 0.05 mA/cm2. (c) Cyclability testing of flexible LIG-SCs.
Capacitance retention was calculated from CC curves at a current density of 0.4 mA/cm2.

An additional advantage of this method is the capability of forming LIG on both
sides of an individual PI sheet thus enabling the fabrication of stacked LIG-SC (Figure
4.8a). Figure 4.11a and 4.11b are illustrations of a series and parallel LIG-SC assembled
from stacked solid-state LIG-SCs, where double-sided LIG sheets are layered with
alternating deposits of polymeric electrolyte and capped with single-sided LIG-PI sheets.
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Figures 4.11c and 4.11d show the CC curves of a 3-stack solid-state series and parallel
LIG-SC, respectively. Compared to a single LIG-SC, the stacked series LIG-SC has a 2x
higher working voltage window, while the stacked parallel LIG-SC shows a 2x longer
discharge time when operated at the same current density, resulting in a 2x higher
capacitance. In both configurations, the CC curves present nearly triangular shapes with
miniscule voltage drop indicating negligible internal and contact resistances. Even though
the SCs are stacked, the assembled stacked LIG-SCs still show high flexibility. Figure
4.11e and 4.11f shows that the capacitance of the stacked LIG-SC circuits are nearly 100%
of their initial value even after being subjected to several thousand bending cycles at a
bending radius of 17 mm. Additionally, the CV curves at different bending cycles are
nearly overlapped (Figure 4.11e and 4.11f insets), indicating well maintained flexibility.
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Figure 4.11. Electrochemical performances of stacked LIG-SCs in series and parallel
circuits.
(a) Illustration of a stacked series LIG-SC and its corresponding circuit diagram. (b)
Illustration of a stacked parallel LIG-SC and its corresponding circuit diagram. (c)
Galvanostatic CC curves comparing a single LIG-SC to a stacked series LIG-SC at a
current density of 0.5 mA/cm2. (d) Galvanostatic CC curves comparing a single LIG-SC to
a stacked parallel LIG-SC at a current density of 0.5 mA/cm2. (e) Cyclability testing of a
flexible stacked series LIG-SC at a current density of 0.5 mA/cm2. Inset shows the initial
CV curves (black) and the 4000th CV curve (red) at a scan rate of 0.1 V/s. (f) Cyclability
testing of a flexible, stacked parallel LIG-SC at a current density of 1.0 mA/cm2. Inset
shows the initial CV curves (black) and the 6000th CV curve (red) at a scan rate of 0.1 V/s.

The laser induction process can also be used to synthesize and pattern LIG into
interdigitated electrodes for the fabrication of in-plane LIG-MSCs. Figure 4.12a is an
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illustration of a flexible LIG-MSC fabricated on a PI sheet that uses PVA/H2SO4 as solidstate electrolyte. Figure 4.12b shows CV curves of the LIG-MSC device at different scan
rates (0.01, 0.02, 0.05 and 0.1 V/s) with stable pseudo-rectangular shape due to good EDL
formation. Figure 4.12c shows the galvanostatic CC curves of LIG-MSCs at different
current densities (0.1, 0.2, 0.5 and 1.0 mA/cm2), all of which are nearly triangular due to
their excellent capacitive behaviors. The calculated CA from CC curves at different current
densities are plotted in Figure 4.12d, where the devices strikingly exhibit a capacitance of
greater than 9 mF/cm2 at a current density of 0.02 mA/cm2. Interestingly, at the same
current densities the capacitances of the solid-state LIG-MSCs are twice that of aqueous
H2SO4 electrolyte LIG-MSCs.1 This improvement could come from the high
hydrophobicity of the LIG material and better interface formation between LIG electrodes
and organic polymer electrolyte. Furthermore, capacitance of the solid-state LIG-MSCs
remains over 1.9 mF/cm2 even when operated at a higher current density of 30 mA/cm2,
indicating high power performance of the device. Electrochemical impedance
measurements (Figure 4.13) further supports faster ionic transport and better electrodeelectrolyte interface in LIG-MSCs using PVA/H2SO4 as the electrolyte. The nearly absence
of the semicircle in the case of MSC with PVA/H+ implies the high ionic conductivity at
the interface of the LIG electrode and polymer electrolyte. Also, the higher slope in Nyquist
plot for MSC with PVA/H+ indicates a more capacitive behavior. The cyclability of solidstate LIG-MSCs was also tested over 8000 CC cycles with <10% capacitance degradation.
The LIG-MSC showed outstanding flexibility as well (Figure 4.12a inset). Figure 4.12e
shows that the in-plane LIG-MSCs made from LIG exhibits nearly 100% of its calculated
capacitance regardless of bending radii. Similar to the single LIG-SC, CV curves of LIG195

MSC over different bending radii are almost identical to the ones in the flat devices. After
7000 bending cycles, the capacitance remained at its initial value (Figure 4.12f), further
supporting the universality of this laser induction method in producing energy storage
units.

Figure 4.12. Electrochemical performances of LIG-MSC devices.
(a) Illustration of a flexible LIG-MSC. Inset is a photograph of a LIG-MSC fixed at a
bending radius of 12 mm. (b) CV curves of LIG-MSCs at scan rates of 10, 20, 50 and 100
mV/s. (c) Galvanostatic CC curves of LIG-MSCs at current densities of 0.1, 0.2, 0.5 and
1.0 mA/cm2. (d) Specific CA of LIG-MSCs from aqueous 1 M H2SO4 and PVA/H2SO4
calculated from CC curves as a function of the current density. (e) Capacity retention of
LIG-MSC at different bending radii. Capacitance retention was calculated from CC curves
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at a current density of 0.5 mA/cm2. (f) Cyclability testing of flexible LIG-MSCs.
Capacitance retention was calculated from CC curves at a current density of 0.5 mA/cm2.

Figure 4.13. Impedance analysis of LIG-MSCs comparing aqueous 1 M H2SO4 and
PVA/H2SO4 electrolyte.
This typical Nyquist plot shows a small semicircle at a high frequency region that
corresponds to the ionic transport which contributes to the external resistance of the device.
The lower frequency region of the Nyquist plot exhibits linearity due to the interaction
between the electrolyte and electrode. This interface results in internal resistance of the
device. From this Nyquist plot we can see that LIG-MSC in PVA/H2SO4 has both a smaller
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external and internal resistance than those in aqueous H2SO4. These results indicate faster
ionic transport and better electrode-electrolyte interface in LIG-MSCs using PVA/H2SO4.

Finally, Figure 4.14 is a Ragone plot comparing single LIG-SCs and LIG-MSCs in
either aqueous or solid-state polymeric electrolytes to commercially available electrolytic
capacitors and Li thin film batteries.9,21,35 Although aluminum (Al) electrolytic capacitors
deliver ultrahigh power, their energy density is two orders of magnitude lower than LIGderived devices. Similarly, although lithium ion thin-film batteries can provide high energy
density, their power performance is three orders of magnitude lower than either single LIGSCs or LIG-MSCs. Interestingly, when compared to LIG-MSC using 1 M aqueous H2SO4
as the electrolyte, LIG-MSC with a solid-state polymer electrolyte stores ~2x more energy.
Also, a comparison between single LIG-SCs and LIG-MSCs shows that LIG-MSCs have
a higher power density than LIG-SC likely due to the reduced ion diffusion length between
the microelectrodes in the LIG-MSC device.
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Figure 4.14. Ragone plots of single LIG-SC, LIG-MSC and commercial energy
storage devices.
Data of commercial devices were reproduced from references 9, 21 and 35. Data of LIGMSC in aqueous 1 M H2SO4 was reproduced from reference 1.

4.4. Flexible Boron-Doped Laser Induced Graphene
Microsupercapacitors
Graphene-based materials have been eagerly studied as active electrodes in MSCs
due to their unique structure and their extraordinary mechanical and electrical
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properties.9,35,54-56 To further improve their performances, many methods have been
employed to modulate the electronic band structure of the graphene-derived materials.15,1718,57-69

Among them, doping with heteroatoms (such as boron66-69, nitrogen63-65,

phosphorus61 and sulfur62) has been shown to be an effective way to tailor the
electrochemical properties of graphene-derived conductive materials and to enhance their
capacitive performance. Particularly, elemental boron can substitute carbon atoms in the
graphene lattice and act as an electron acceptor to shift the Fermi level to the valance band,
thereby enhancing charge storage and transfer within the doped graphene structure.66-69
Moreover, the existence of boron atoms in graphene can contribute to a space-charge-layer
capacitance and/or pseudocapacitance, further increasing the apparent capacitance.70,71
Despite its advantageous doping effect, the current synthesis processes for obtaining borondoped graphene require either multi-stepped chemical reactions,65-68 or high-temperature
and high-vacuum environments,65,68,69 making them less suitable for low-cost applications.
In this section, we report that boron-doped LIG (B-LIG) can be synthesized in situ
and in a one-step process.3 It is synthesized by first dissolving H3BO3 into
poly(pyromellitic dianhydride-co-4,4’-oxydianiline amic acid) (or poly(amic acid), PAA)
solution as a boron precursor prior to condensation of PAA into PI. This is followed by the
simple laser induction process where a commercial CO2 laser writes patterns on the asprepared PI sheet under atmospheric conditions. During the laser induction, the PI sheet,
with its H3BO3, transforms into B-LIG. At the same time, the B-LIG on the PI film can be
patterned into interdigitated shapes for flexible MSCs. Due to boron doping, the
electrochemical performance of the device is enhanced, showing 3 times higher
capacitance and 5-10 times higher energy density than we achieved in pristine samples.
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Also, the transformation of PAA to PI is proved to be crucial for the successful formation
of LIG with high electrochemical property. Meanwhile, the cyclability and flexibility of
as-prepared devices are well-maintained, demonstrating the potential of B-LIG materials
for future low-cost energy storage devices.
Figure 4.15a shows a scheme for the synthesis and patterning process of B-LIG
materials for MSCs. Starting with a 12.8 wt% PAA solution in NMP, various weight
percentages of H3BO3 (0, 1, 2, 5 and 8 wt% as compared to PAA) were added and mixed
under bath-sonication for 30 min to form a uniform precursor solution. Next, the solution
was poured into an aluminum dish and inserted into a vacuum oven at 60 °C for 3 days to
evaporate the solvent resulting in a PAA/H3BO3 sheet. The PAA/H3BO3 sheet was then
placed in a hydraulic press and heated to 200 °C for 30 min under a pressure of ~3×105 Pa
to dehydrate the PAA/H3BO3 sheet and form the PI/H3BO3 film.72 During this step, PAA
will dehydrate and transform into PI as shown in Figure 4.15b. This transition from PAA
to PI is crucial for successful formation of LIG and will be discussed in details later.
Finally, a standard CO2 laser cutting system was used under ambient conditions to convert
PI/H3BO3 to xB-LIG (x = 0, 1, 2, 5, and 8, which stands for initial H3BO3 loading weight
percentages).1,2 Here, the incorporation of H3BO3 into the PAA was essential. When other
boron-containing compounds such as carborane and ammonia borane were tried to add into
the PI film, little or no boron doping into LIG was achieved during the laser induction
process. The major advantage of this synthetic process is that B-LIG can be fabricated and
patterned at the same time during laser induction, making it an ideal material for future
roll-to-roll processing.
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Figure 4.15. Synthesis of B-LIG.
(a) Illustrated scheme for the synthesis of B-LIG and fabrication of B-LIG-MSC. (b)
Scheme of the dehydration reaction from PAA to PI during the filming process. (c) SEM
images of 5B-LIG. The inset in (c) is the cross sectional SEM image of 5B-LIG on a PI
sheet. (d) TEM image of 5B-LIG. (e) HRTEM image of 5B-LIG.

The morphology of formed B-LIG was characterized using SEM and TEM. Figure
4.15c shows a SEM image of the as-prepared 5B-LIG that exhibits a porous structure due
to the rapid formation of gaseous products during laser induction. The inset in Figure 4.15c
reveals that the thickness of 5B-LIG on the PI sheet surface is ~25 µm. Figure 4.15d shows
the TEM image of 5B-LIG at low magnification containing graphene-like few layers with
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nanoscale ridges and wrinkles, which would be beneficial for higher accessible surface
area and therefore enhanced electrochemical performance.73 HRTEM image in Figure
4.15e further confirms the graphene nature of the 5B-LIG sheet. Numerous graphene edges
were found on surface of the 5B-LIG sheet, again indicating a highly accessible surface
area. No significant difference was found among samples with different boric acid loading
amounts, indicating that the loading of H3BO3 has little effect on the generation of LIG.
Other techniques were further used to characterize the graphene nature and porosity
of the B-LIG material. The Raman spectrum of 5B-LIG in Figure 4.16a clearly shows three
characteristic peaks for graphene derived material: the D peak at ~1350 cm-1 induced by
defects or disordered bent sites,74 the G peak at ~1590 cm-1 generated by graphitic sp2
carbon, and the 2D peak at ~2700 cm-1 originating from second order zone boundary
phonons.37,75 The large D peak observed here could arise from numerous graphene edges
found from TEM images (Figure 4.16e), boron doping into the LIG sheets, or the bending
of the graphene layers in the porous structure.74 The XRD pattern in Figure 4.16b shows a
prominent peak at 2θ = 26°, indicating an interlayer spacing of ~3.4 Å between (002)
graphitic crystal planes in 5B-LIG. A (100) graphitic crystal phase was also found at 2θ =
43°. The high degree of graphitization of 5B-LIG is also verified by thermogravimetric
analysis (TGA) measurement under argon (Figure 4.16c). The PI/H3BO3 substrate begins
to decompose at 550 °C, whereas 5B-LIG remains stable over 900 °C. From BET analysis,
the surface area of 5B-LIG is calculated as 191 m2/g. Figure 4.16d shows the pore size
distribution of 5B-LIG, which are all under 10 nm (26 Å, 41 Å and 73 Å).
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Figure 4.16Characterization of 5B-LIG material.
(a) Raman spectrum of 5B-LIG. (b) XRD pattern of 5B-LIG. (c) TGA curve of 5B-LIG
and 5B-PI, 5 °C/min under argon. (d) Pore size distribution of 5B-LIG.

To confirm the boron doping in the product, X-ray photoelectron spectroscopy
(XPS) was performed on a H3BO3 loaded sample before and after laser induction as shown
in Figure 4.17 for survey spectra and Figure 4.18 for elemental spectra. Prior to laser
induction, the C1s peak originating from PI/H3BO3 could be fitted by three sub-peaks:
284.5, 285.6 and 288.4 eV, representing C-C, C-N and C-O-C=O bonding, respectively
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(Figure 4.18a).76 For the O1s peak, two sub-peaks can be found at 533.0 and 531.8 eV,
representing C-O and C=O bonding (Figure 4.18b).77 After laser induction, the 5B-LIG
only showed a single prominent peak at 284.5 eV for C1s and 532.9 eV for O1s, and the
atomic percentage of carbon increased from 72% to 84%, whereas oxygen decreased from
19% to 4.3%, indicating that the imide group containing C=O bonding forms a graphitic
structure. Also, the B1s peak (Figure 4.18c) shifted from 192.5 eV in B-PI down to 191.9
eV in 5B-LIG after laser induction, showing that boron in the LIG sheet was in the oxidized
form (BCO2).64-67,78 The position of N1s changed little after laser treatment (Figure 4.18d),
but its atomic percentage dropped from 7.6% to 4.4%, again indicating that the imide group
is the main reacting site during laser induction process.
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Figure 4.17. XPS survey spectra for (a) 5B-PI and (b) 5B-LIG.
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Figure 4.18. XPS elemental spectra of 5B-LIG and PI/H3BO3 sheet.
(a) C1s spectrum. (b) O1s spectrum. (c) B1s spectrum. (d) N1s spectrum.

To investigate the electrochemical properties of the material, B-LIG was directly
patterned into interdigitated electrodes during laser induction and then fabricated into inplane MSCs as shown in Figure 4.19a. A solid-state electrolyte made from poly(vinyl
alcohol) (PVA) and H2SO4 was used to enable the flexibility of the device. Our previous
study also showed that polymeric electrolytes promote a better electrochemical
performance from LIG than conventional aqueous electrolytes.2 For LIG with different
initial H3BO3 loadings, cyclic voltammetry (CV) and charge-discharge (CC) measurements
of corresponding MSC devices are exhibited and compared in Figure 4.19b-c. At a scan
rate of 0.1 V/s, all CV curves from xB-LIG-MSCs (x = 0, 1, 2, 5, and 8) are nearly
rectangular, representing typical electrochemical double layer (EDL) character.1,2,17
Among them, 5B-LIG-MSC shows the largest areal capacitance (CA), as evidenced by its
CV current in Figure 4.19b. From Figure 4.19c, all galvanostatic CC curves from B-LIGMSCs at a current density of 1 mA/cm2 show a nearly triangular shape, further confirming
the great capacitive behavior of the devices. Again, 5B-LIG-MSC exhibits the longest
discharge runtime, indicating the best capacitance performance. When compared to LIGMSC with no boron doping (Figure 4.19d), CA of boron doped devices increases at first
with increasing initial H3BO3 loading. When H3BO3 loading reaches 5 wt%, the CA of 5BLIG-MSC is over 3 times larger than the pristine LIG-MSCs with no H3BO3 loading.
Interestingly, when a higher loading of H3BO3 (8 wt%) was applied, it actually lowered the
value of CA. When the boron doping level is low, increasing boron dopants into LIG will
207

increase the holes charge density thus enhancing the electrons charge storage.67-69 However
after a saturation threshold, additional boron doping will start to create more scattering sites
for electrons in the LIG sheet and thus lower the conductivity of the material, causing the
decrease of CA.79 In addition, higher H3BO3 loadings inhibit the dehydration process of
PAA, resulting in the retardation of the PI sheet formation. As a result an optimum content
of H3BO3 is needed to maximize the device performance. A relationship between the
performance and the actual B content in B-LIG is also shown in Figure 4.19e.
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Figure 4.19. Electrochemical performance comparison of LIG-MSCs with different
H3BO3 loadings.
(a) Schematic of a B-LIG-MSC device and the digital photograph of a real device under
bending. (b) CV curves of LIG-MSC and B-LIG-MSC with different H3BO3 loadings. The
scan rate is set at 0.1 V/s. (c) Galvanostatic CC curves of LIG-MSC and B-LIG-MSC with
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different H3BO3 loadings. The current density is set at 1 mA/cm2. (d) Comparison of
calculated CA from LIG-MSC and B-LIG-MSC with different H3BO3 loadings. Current
density 1 mA/cm2. (e) Comparison of calculated CA from LIG-MSC and B-LIG-MSC in
terms of actual boron percentage. Current density 1 mA/cm2.

To demonstrate the importance of the dehydration reaction of PAA to PI, PAA
sheets with or without H3BO3 were directly laser induced and fabricated into MSC to
compare their electrochemical performance as shown in Figure 4.20. Both PAA derived
LIG-MSC and boron-doped PAA-derived LIG-MSC showed smaller and tilted CV curves
when compared to boron-free PI-derived LIG-MSC in Figure 4.20a, representing a lower
capacitance. Also, a large voltage drop observed at the initial stage of discharge run in PAA
derived LIG-MSC from Figure 4.20b indicates a higher internal resistance. This result
shows that the dehydration step from PAA to PI is crucial for successful formation of BLIG with higher quality and better electrical conductivity, and it is in agreement with XPS
analysis that the imide group in the dehydration step is the main reacting site during laser
induction.
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Figure 4.20. Electrochemical performance comparison of PI derived LIG-MSC and
PAA derived LIG-MSC with or without boron doping.
(a) CV curves of MSCs from PI derived LIG, PAA derived LIG and PAA/H 3BO3 derived
LIG at a scan rate of 0.1 V/s. (b) CC curves of MSCs from PI derived LIG and PAA/H3BO3
derived LIG at a current density of 1.0 mA/cm2.

Because 5B-LIG-MSC shows the highest CA among different H3BO3 loading
samples, it was chosen to further examine the electrochemical performance of the 5B-LIGMSC. Figure 4.21a show CV curves of a 5B-LIG-MSC at different scan rates (0.01, 0.02,
0.05 and 0.10 V/s). The maintained pseudo-rectangular shape of CV curves over different
scan rates represents good EDL formation of the devices. Figure 4.21b shows the
galvanostatic CC curves at different current densities (0.1, 0.2 and 0.5 mA/cm2), all of
which are nearly triangular, further confirming their excellent capacitive behaviors. The
calculated CA from CC curves at different current densities are plotted in Figure 4.21c. The
device strikingly exhibits a CA of 16.5 mF/cm2 at a current density of 0.05 mA/cm2. At the
same current density, the CA of the MSC from non-doped LIG is only 4.06 mF/cm2.
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Furthermore, CA of 5B-LIG-MSC remains over 3 mF/cm2 even when operated at a high
current density of 40 mA/cm2, indicating excellent power performance. The cyclability of
5B-LIG-MSCs was also tested over 12000 CC cycles at a current density of 1.0 mA/cm2
with over 90% of the capacitance maintained (Figure 4.21d), proving high stability of
performance from the B-LIG-MSC.

Figure 4.21. Electrochemical performance of 5B-LIG-MSC.
(a) CV curves of 5B-LIG-MSC at scan rates of 10, 20, 50 and 100 mV/s. (b) Galvanostatic
CC curves of 5B-LIG-MSC at current densities of 0.1, 0.2 and 0.5 mA/cm2. (c) Specific
CA of 5B-LIG-MSC calculated from CC curves as a function of current density. (d)
Cyclability testing of 5B-LIG-MSC. The charge-discharge cycles are performed at a
current density of 1.0 mA/cm2. (e) Digital photograph of a bent 5B-LIG-MSC at a bending
radii of 10 mm. (f) Capacitance retention of 5B-LIG-MSC at different bending radii. (g)
Bent cyclability testing of flexible 5B-LIG-MSC at a fixed bending radius of ~10 mm. The
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Cp is calculated from discharge runtime at a current density of 1.0 mA/cm2. (h) CV curves
of the 5B-LIG-MSC at different bending cycles at a scan rate of 50 mV/s.

Besides high CA, the assembled MSC from 5B-LIG also shows excellent
performance durability under mechanical stress. When the device was bent and fixed
(Figure 4.21e) at different bending radii (from 7 to 17 mm), the calculated CA from
discharge runtime remained nearly constant as shown in Figure 4.21f. From Figure 4.21g,
the CA of the device was well-maintained almost to the same initial value over 8000
bending cycles at a bending radius of 10 mm, and CV curves at different cycles in Figure
4.21h are identical to each other, suggesting that bending had little effect on the
electrochemical performance of 5B-LIG-MSC. To further demonstrate the high capability
of 5B-LIG-MSC, a Ragone plot of volumetric power density (PV) vs. energy density (EV)
was shown in Figure 4.22a. Under different PV, the EV of 5B-LIG-MSC was 5 to 10 times
larger than that of LIG-MSC without boron doping. To better evaluate its commercial
potential, a Ragone plot of 5B-LIG-MSC with specific areal energy density and power
density is also provided in Figure 4.22b. The remarkable electrochemical performance,
cyclability over charge-discharge times, and stability under bending makes boron doped
LIG a promising candidate as an energy storage unit for next-generation flexible and
portable electronics.
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Figure 4.22. Ragone plots of 5B-LIG-MSC and LIG-MSC.
(a) Volumetric Ragone plot of 5B-LIG-MSC and LIG-MSC. (b) Areal Ragone plot of 5BLIG-MSC and LIG-MSC.
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