	
  
	
  

ABSTRACT
Carbon Nanomaterials for Fibers, Photonics and Composites
by

Changsheng Xiang
This thesis investigates various carbon nanomaterials from the basic synthesis to
the characterizations and applications in fibers, photonics and composites. The carbon
nanomaterials we studied include graphene, graphene oxide, graphene nanoribbons,
functionalized graphene nanoribbons, graphene oxide nanoribbons, graphene quantum
dots and carbon nanotubes. With all these chemical approaches, these carbon
nanomaterials’ mechanical, electrical, photonic and gas barrier properties were carefully
studied and demonstrated.
Conductive carbon materials-coated Kevlar fibers were fabricated through layerby-layer spray coating. Polyurethane was used as the interlayer between the Kevlar fiber
and carbon materials to bind the carbon materials to the Kevlar fiber. Strongly adhering
single-walled carbon nanotube coatings yielded a durable conductivity of 65 S/cm
without significant mechanical degradation. In addition, the properties remained stable
after bending or water washing cycles. The coated fibers were analyzed using scanning
electron microcopy and a knot test. The as-produced fiber had a knot efficiency of 23%,
which is more than four times higher than that of carbon fibers. The spray-coating of
graphene nanoribbons onto Kevlar fibers was also investigated. These flexible
coated-Kevlar fibers have the potential to be used for conductive wires in wearable
electronics and battery-heated armors.
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Graphene oxide nanoribbons (GONRs) and chemically reduced graphene
nanoribbons (crGNRs) were dispersed at high concentrations in chlorosulfonic acid to
form anisotropic liquid crystal phases. The liquid crystal solutions were spun directly into
hundreds of meters of continuous macroscopic fibers. The relationship of fiber
morphology to coagulation bath conditions was studied. The effects of colloid
concentration, annealing temperature, spinning air gap and pretension during annealing
on the fibers’ performance were also investigated. Heat treatment of the as-spun GONR
fibers at 1500 °C produced thermally reduced graphene nanoribbon (trGNR) fibers with a
tensile strength of 378 MPa, Young’s modulus of 36.2 GPa and electrical conductivity of
285 S/cm, which considerably higher than in other reported graphene-derived fibers. This
better trGNR fiber performance was due to the air-gap spinning and annealing with
pretension that produced higher molecular alignment within the fibers, as determined by
X-ray diffraction and scanning electron microscopy. The specific modulus of trGNR
fibers is higher than the commercial general purpose carbon fibers and commonly used
metals such as Al, Cu and steel. The properties of trGNR fibers can be further improved
by optimizing the spinning conditions with higher draw ratio, annealing conditions with
higher pretensions, and using longer flake GONRs. This technique is a new high-carbonyield approach to make the next generation carbon fibers based on solution-based liquid
crystal phase spinning.
Two types of graphene oxide fibers are spun from high concentration aqueous
dopes. Fibers extruded from large flake graphene oxide dope without drawing show
unconventional 100% knot efficiency. Fibers spun from small sized graphene oxide dope
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with stable and continuous drawing yield in good intrinsic alignment with a record high
tensile modulus of 47 GPa.
Coal is the most abundant and readily combustible energy resource being used
worldwide. However, its structural characteristic creates a perception that coal is only
useful for producing energy via burning. Here we report a facile approach to synthesize
tunable graphene quantum dots from various types of coal, and establish that the unique
coal structure has an advantage over pure sp2-carbon allotropes for producing quantum
dots. The crystalline carbon within the coal structure is easier to oxidatively displace than
when pure sp2-carbon structures are used, resulting in nanometer-sized graphene quantum
dots with amorphous carbon addends on the edges. The synthesized graphene quantum
dots, produced in up to 20% isolated yield from coal, are soluble and fluorescent in
aqueous solution, providing promise for applications in areas such as bioimaging,
biomedicine, photovoltaics and optoelectronics, in addition to being inexpensive
additives for structural composite.
A thermoplastic polyurethane (TPU) composite film containing hexadecylfunctionalized low-defect graphene nanoribbons (HD-GNRs) was produced by solution
casting. The HD-GNRs were well distributed within the polyurethane matrix, leading to
phase separation of the TPU. Nitrogen gas effective diffusivity of TPU was decreased by
three orders of magnitude with only 0.5 wt% HD-GNRs. The incorporation of HD-GNRs
also improved the mechanical properties of the composite films, as predicted by the phase
separation and indicated by tensile tests and dynamic mechanical analyses. The improved
properties of the composite film could lead to potential applications in food packaging
and light-weight mobile gas storage containers.
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Chapter 1
Carbon Nanotube and Graphene
Nanoribbons-coated Conductive Kevlar
Fibers
This chapter was entirely copied from reference 1.

1.1. Introduction

The effort toward producing lightweight fibers that are conductive with superior
strength and flexibility continues. Carbon fibers were the first commercialized product
with these properties, has and they have been produced and used in numerous
applications for several decades, particularly in the aerospace industry as a material of
non-metal construction. The use of carbon fibers in the automotive industry is growing as
their price continues to decline. Carbon fibers are mainly produced from polyacrylonitrile
(PAN) and pitch. The process includes stabilization, carbonization and graphitization,
each step requiring a specific high temperature range. The final product has high tensile
strength (3-7 GPa), modulus (200-500 GPa), and conductivity (556-9090 S/cm).2,3
While the production of carbon fibers brought a revolution to the industry, most
applications have been focused on their mechanical properties such as their reinforcing
1	
  
	
  

	
  
effect in polymer, ceramic and metal composites,4-6 as well as electrical applications such
as cathodic protection, brushes in electrical apparatuses and in lithium ion batteries.7-9
However, their use is electrical applications as conductive wiring has not been well
explored. One reason is that their electrical conductivity is much lower than that of most
metallic wire, but in some applications such as LED lighting and wearable electronics,
this is not critical since they do not require very high conductivity. Moreover, carbon
fiber is brittle and not easily bent or woven. Since conducting wire has to be bent and
fastened to make electrical connections, the brittleness of carbon fiber is a detriment.10
The elongation at break and the knot efficiency of carbon fiber are less than 2% and 5%,
respectively.3,11 These deficiencies makes carbon fiber less attractive in applications such
as wearable displays, data managing devices, solar cells, and biomedical sensors.12-14
Therefore, a conductive and light-weight but more flexible fiber would be valuable in
these applications and these fibers could bridge the gap between carbon fibers and
conductive metal wires. Carbon nanotube-based fibers have been produced to address this
problem11 but the material and processing cost of carbon nanotube fiber is too high for
commercial applications, and their tensile properties are often unattractive.
The idea of coating a conductive material such as carbon nanotubes (CNTs) or
metals on the surface of existing flexible commercial fiber has been recently proposed. A
CNT-coated fiber could be a good product to solve the brittleness problem; a comparison
schematic of metal wires, CNTs fiber, coated fiber and carbon fiber is shown in the
Figure 1.1.Fugetsu et al.15 succeeded in coating CNTs on the surface of polyester fibers
with the aid of a surfactant. However the coating thickness was only 400 nm, which did
not produce a large increase in conductivity. Moreover, the surfactant must be removed
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from the fiber before use, which makes the procedure complicated. Shim et al.16 produced
electronic yarns made by coating CNTs with polyelectrolytes. The as-made yarn was ~
1.5 mm in diameter, yielding a conductivity of 3 S/cm. Little et al.17 used an
electrochemical gold plating process to deposit metals onto Kevlar yarns, and the asmade yarn had a conductivity of ~ 1 S/cm. Liu et al.18 used electroless deposition of
metal particles onto brush-modified cotton yarn to produce a product with a conductivity
of 1 S/cm. However, these yarns were not conductive enough to be used as wires in
electronic circuits.

Figure 1.1. Comparison of different fibers. The coated fiber has the advantages of
low cost, high flexibility and low density. It is the only one of the four structures that
has this feature.

Here, we report a facile and inexpensive method for making high performance
fibers by layer-by-layer spray coating polyurethane and CNTs or graphene nanoribbons
(GNRs) onto Kevlar fibers. CNTs are attractive materials in electronic areas due to their
light weight and high conductivities.19-21 Kevlar fiber is a unique combination of high
flexibility, high modulus, toughness and thermal stability.22 The fibers disclosed here
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combine the advantages of conjugated carbon materials and Kevlar fibers, retaining the
mechanical properties of Kevlar while exploiting the conductive carbon. The as-produced
fibers could be used as conductive wires in some wearable electronics, and could also be
woven into a battery-heated armor for military use. This technology could be scaled and
could be expanded to Nylon and Dyneema fibers to make other lightweight, tough and
conductive fibers.

1.2. Preparation of Spray-coated Fibers.

Figure 1.2. Experimental design. (a) Kevlar fibers (top, yellow, at room temperature)
were sprayed with polyurethane to produce polyurethane-coated Kevlar fibers
(middle, pink, still at room temperature); that was followed by spraying a
SWCNT/ODCB solution onto their surfaces, resulting in the final products (bottom,
black, hotplate at 200 °C). (b) Illustration of layer by layer spray coating.
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As illustrated in Figure 1.2, carbon tapes were first affixed to microscope slides
and the starting Kevlar fibers were parallel mounted on the carbon tapes, followed by
covering another carbon tape on top to secure the fibers. Polyurethane was sprayed on the
fibers for 10 s; other polymer-based binders such as epoxy were tried, but their adhesion
to the carbon fibers was not as good as that of polyurethane. The coating thickness of ~
0.5 to 1 µm was measured using an optical microscope. The coated fiber was dried for 3 h
at room temperature. SWCNTs (40 mg) were added into ODCB (40 mL) to make a 1
mg/mL suspension. The suspension was sonicated in a bath sonicator (Cole Parmer,
Model 08849-00) for 2 h to make a homogenous dispersion. After that, the
SWCNT/ODCB solution was poured into the airbrush cup. The airbrush was connected
to a nitrogen tank which provided the gas pressure necessary for spraying, and the spray
rate was controlled by adjusting the nitrogen flow rate. Finally, the glass slide with the
fibers was placed on a hotplate that was set at a surface temperature of 200 °C. The
SWCNT/ODCB solution was sprayed on the fibers; once the solution touched the fibers
on the hotplate, the ODCB evaporated, leaving SWCNTs on the surface of the fibers. The
spraying must be carried out in a well-ventilated fume hood. The spray rate should be
constant in order to have uniform coatings. A thickness of ~ 2 µm SWCNTs was coated
on the fiber in 30 s. The coated fibers were removed from the hotplate and cooled for 1 h
in the fume hood before the conductivity measurement. The coating procedure was the
same for MWCNTs and GNRs.
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1.3. Surface Morphology and Electrical Conductivity

Figure 1.3. SEM characterizations of the conductive fibers. (a) SEM images of a
SWCNT-coated Kevlar fiber; (b) enlargement of image in (a).

	
  	
  

The starting Kevlar was yellow, and it became black after spray-coating a

layer of CNTs or GNRs. The uniform surface morphology of a SWCNT-coated Kevlar
fiber is shown in Figure 1.3. The starting diameter was 12 µm, with an average of 0.8 µm
of polyurethane and 2 µm of SWCNT coating. The filament had a conductivity of 65
S/cm. In order to demonstrate the conductivity of the SWCNT-coated Kevlar filament, it
was used to light a light emitting diode (LED), as shown in Figure 1.4.
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Figure 1.4. Demonstration of LED emission by using a SWCNT-coated single
filament. The white arrow indicates the filament that was knotted to the LED wire
and fixed to the battery by carbon tape. The inset is an image taken when the light
in the room was turned off.

More important, the coated filament is only 18 µm in diameter, which makes it a
perfect candidate for using it in light-weight miniature electronics and fabrics. The
filaments can also be twisted into a bundle for some applications that require lower
resistivity cables. The MWCNTs and GNRs were also coated onto Kevlar using the same
procedure, and their conductivities were lower than SWCNT-coated fibers, being 9 and
20 S/cm, respectively. In Figures 1.5a and b, the surface morphologies of the GNR and
MWCNT-coated fibers are shown. These morphologies are not as smooth as in the
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SWCNT-coated fiber because of the larger sizes of the starting aggregates as well as their
poor dispersion in ODCB. The length distributions of the tubes and ribbons are shown in
Figure 1.6. However, the conductivity of GNR-coated Kevlar fiber is higher than that of
MWCNT-coated Kevlar fibers under the same conditions. Possibly the GNRs have better
electrical contact between each other thus lowering the contact resistance relative to the
MWCNTs. SEM images of the starting MWCNTs and GNRs are shown in Figures 1.5c
and d. Electrical conductivities of the fibers are summarized in Table 1.1. Representative
I-V curves for each carbon-coated Kevlar fiber are provided in Figure 1.7.

	
  

8	
  

	
  
Figure 1.5. SEM images of GNR and MWCNT-coated Kevlar fibers. (a) A GNRcoated Kevlar fiber; the scale bar is 20 µm. (b) A MWCNT-coated Kevlar fiber; the
scale bar is 40 µm. (c) Starting GNRs; the scale bar is 500 nm. (d) Starting
MWCNTs; the scale bar is 500 nm.

Figure 1.6 The length distribution of the MWCNTs (a) and the GNRs (b) were
measured using SEM
.

Figure 1.7. Typical I-V curves of carbon coated Kevlar fibers; (a) MWCNT-coated
Kevlar fiber; (b) GNR-coated Kevlar fiber; (c) SWCNT-coated Kevlar fiber. The
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electrical conductivity was measured by using the 4-point probe method. For each
type of fiber, the result was based on the average of ten measurements.

Table 1.1. Electrical properties of CNT and GNR-coated Kevlar fibers

1.4. Mechanical Stability and Electrical Durability

The spray-coated Kevlar fibers do not show any degradation in their mechanical
characteristics when compared to the control sample. The mechanical test results are
shown in Figure 1.8a; the breaking load of coated Kevlar fibers is slightly higher than in
the control sample, a result of the polyurethane/SWCNT coating. The increase in
breaking load was an indication that the adhesion between the Kevlar fiber and the
polyurethane/SWCNT coating is quite stable. In order to further assure good adhesion, a
10-cm-long SWCNT-coated Kevlar fiber was produced and a 90° bend in the fiber was
repeated 50 times. The conductivity was measured after each set of 5 cycles, and only
minimal degradation in the conductivity was found, as shown in Figure 1.8b. Moreover,
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another 10-cm-long SWCNT-coated fiber was made and washed with water by simple
dip washing; it was then dried with blowing air. No dramatic decrease in conductivity
was detected after 50 water-washing cycles as shown in Figure 5B. These two tests
affirm that SWCNTs adhere well to the Kevlar surface.

Figure 1.8 Mechanical and durability tests. (a) Mechanical properties of control and
SWCNT-coated Kevlar fibers. (b) Electrical conductivity of SWCNT-coated Kevlar
fibers with 50 cycles of bending or washing.

In addition, we also studied the durability of the coated fiber after aging. The
SWCNT-coated Kevlar fiber was stored in a petri dish in an ambient atmosphere for 4
months; it was then tested for electrical conductivity and SEM images were obtained. The
conductivity was 46 S/cm while the original conductivity was 65 S/cm, and it was still
able to be used to light a LED. The SEM images confirmed that SWCNTs did not
separate from the fiber surface during aging as shown in Figure 1.9. The SEM images
confirmed that SWCNTs did not separate from the fiber surface during aging; see Figure
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1.9. There are at least two reasons for the stability of the coating: 1) the polyurethane was
heated to 200 °C, which made it more adhesive, easily binding the SWCNTs to the
polyurethane; 2) the surface of the polyurethane was swollen by the ODCB, producing a
polyurethane/SWCNT composite.

Figure 1.9. SEM images of SWCNT-coated Kevlar fiber after aging four months. (a)
scale bar 50 µm; (b) scale bar 20 µm.
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1.5. Flexibility and Knot Efficiency

Figure 1.10 Knots characterizations of the SWCNT-coated Kevlar fiber.(a) SEM
image of a knotted SWCNT-coated Kevlar filament; the scale bar is 100 µm. (b)
Breaking load knot-test histogram for SWCNT-coated Kevlar fibers.

In Figure 3, the coated Kevlar filament was connected to the LED by knotting,
which is more convenient and less expensive than using conductive adhesives. This
unique property makes it more attractive for industrial applications as compared with
carbon fibers because carbon fibers lose almost 95% of their strength when they are
knotted or even wound around a small diameter cylinder.11A terminology called knot
efficiency is used to evaluate materials’ mechanical properties when they are knotted.
Knot efficiency is calculated by dividing the breaking strength of a knotted fiber by the
breaking strength of the fiber without knotting.24 In Figure 1.10a, an SEM image of a
SWCNT-coated Kevlar knot is shown. The SEM contrast is misleading; the film does not
delaminate from the fiber upon knotting. Ten samples of both the control and knotted
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fiber were tested. Based on those results in Figure 1.10b, the knot efficiency of SWCNTcoated Kevlar fibers is calculated to be 23%, which is more than four times higher than
that of carbon fibers.

1.6. Experimental Method

1.6.1. Materials

Single-walled carbon nanotubes (SWCNTs), HiPco (Batch #194.3), were
obtained from Rice University’s Carbon Nanotechnology facility. Multiwall carbon
nanotubes (MWCNTs) were generously donated by Mitsui & Co., Ltd. Graphene
nanoribbons (GNRs) were synthesized by longitudinal splitting of MWCNTs using
potassium vapor.23 Polyurethane automotive spray paint was obtained from Dupli-color
Products Company. Kevlar fiber K29 (diameter = 12 µm) was purchased from DuPont.
Ortho-dichlorobenzene (ODCB) was purchased from Sigma-Aldrich. The steel airbrush
was purchased from Anest Iwata Corporation (Iwata HP-CS). The hotplate was from IKA
(C-MAG HP 7).

1.6.2. Characterization

Scanning electron microscopy (SEM) imaging was performed on a FEI Quanta
400 high resolution field-emission SEM. Mechanical tests were done using an Instron
Model 1000; the tension rate was 0.5 mm/min and gauge length was 12 mm; each result
was based on 10 samples. The electrical conductivity was measured using a Keithley
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2400 with a four-probe configuration, and the electrical conductivity was calculated from
the average of 10 different samples. The film thicknesses were determined by SEM or
optical microscopy.

1.7. Conclusions

The conductive SWCNT-coated Kevlar fiber obtained as described here provides
a simple solution for applications that require flexible and conductive yarns, with many
parameters exceeding the existing metal-coated yarns and carbon fibers. With 2 µm of
SWCNT-coating, the fiber yields a durable conductivity of 65 S/cm. This conductive
yarn could be used as conductive wires in wearable electronics, and woven into a batteryheated armor. The filaments can also be twisted into a bundle for high loading and lower
resistivity requirement applications. This manufacture process is facile and effective and
could be expanded for use on other fibers, and could bridge the gap between carbon
fibers and conductive metal wires.
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Chapter 2
Design of the Next Generation Carbon Fibers:
Graphene Nanoribbons as an Advanced
Precursor for Making Carbon Fibers
This chapter was entirely copied from reference 1.

2.1. Introduction

Polyacrylonitrile (PAN) and pitch are the two dominant precursors for the
production of carbon fiber; each has its unique advantages and fibers made from one raw
material do not have the same properties as fibers made from the other. PAN-based
carbon fiber is used for high tensile and compressive strength applications.2 Because of
processing ease, wet or dry jet wet spinning is used for PAN-based carbon fiber
production.3,4 PAN precursor fibers must be first post-processed by oxidative
stabilization at 200-300 °C in air, typically for 2 to 3 h, in order to convert PAN into an
infusible ladder structure to enable the fibers to be stable during subsequent higher
temperature processing.5-7 The chemical reactions involved in the stabilization process
are oxidation, cyclization and dehydrogenation.8 In the oxidation step, air acts as the
oxidizing medium that produced a PAN backbone that bears oxygen functionality to give
18	
  
	
  

	
  
greater stability to the fiber at higher temperatures.9-11 Cyclization of the nitrile groups
with the adjacent carbons converts the C≡N to one C=N and one C−N, thus forming a
six-membered ring structure.12 Dehydrogenation produces C=C by eliminating H atoms
to stabilize carbon chains.13 These stabilized fibers need to go through carbonization at ≤
1600 °C in an inert atmosphere (nitrogen or argon) to eliminate the noncarbon atoms and
form a turbostratic structure.8,14,15 In order to achieve fiber orientation and high modulus,
the carbonized fiber must undergo graphitization above 2100 °C to convert the
turbostratic carbon structure to a graphite structure.8,16-18 However, PAN contains highly
polar nitrile groups, which hinder the alignment of the molecular chains during spinning;
thus the fibers are not completely graphitized during the graphitization process, yielding
fibers with moderate modulus and electrical conductivity.18,19
Pitch-based carbon fibers can be classified into two categories according to their
properties. High performance carbon fiber (HPCF) is spun from anisotropic mesophase
pitch yielding fibers with high modulus and high electrical conductivity. General purpose
carbon fiber (GPCF) is made from isotropic pitch, yielding moderate mechanical
properties.20 Mesophase pitch fibers yield high modulus and electrical conductivity
because the intrinsic liquid crystal order of the spinning gel translates into well-aligned
as-spun fibers that are ordered in three dimensions following heat treatment. Melt
spinning is used for making pitch-based carbon fiber and the spinning temperature is
~350 °C.18,19,21,22 Post processing of pitch-based carbon fiber is similar to that of PANbased carbon fiber, as it also includes the same three steps including stabilization,23,24
carbonization and graphitization.19,25
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The carbon yield of a carbon fiber precursor is the ratio of the weight of annealed
product to the weight of the precursor, expressed as a percentage; precursors with a high
carbon yield are crucial to carbon fiber production since usable content is optimized
while producing less waste, thus lowering the production cost. Rayon, PAN and pitch are
three major precursors to carbon fiber production; they have carbon yields of 20-35%,
50-60% and 70-80%, respectively.19,26
Based on the known properties of PAN and pitch-based carbon fibers, we
conjectured that large mesogenic graphitic structures that are solution-spun at room
temperature could be the ideal building blocks for making high performance carbon fiber
in a scalable, economical process. It is known that graphene forms liquid crystals in
superacid,27 and that research has led to solution-spun mesogenic graphitic structure
fibers.28 Some work on GO liquid crystal formation has been done,29-33 and the extrusion
of the GO liquid crystal phase into a coagulation bath, followed by chemical reduction,
produced graphene fiber.33,34 Another method of making graphene fiber has been reported
by baking GO aqueous suspension in a glass tube.35 However, those graphene fibers were
produced without intrinsic alignment, resulting in low tensile modulus and low electrical
conductivity. More highly aligned fibers can be attained by applying drawing tension
while spinning from liquid crystal solutions. Finally, the surface morphologies of the
previously synthesized graphene fibers were not smooth, and they had a non-circular
cross section. This likely could be solved by selecting an appropriate solvent for GO
dispersion along with the proper matching coagulation bath solvent.
In this work, the starting materials for all fibers are graphene oxide nanoribbons
(GONRs) that were obtained from the oxidative unzipping of multi-walled carbon
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nanotubes (MWCNTs).36,37 The GONRs can be spun directly into GONR fibers. Those
GONR fibers can be thermally reduced (tr) to yield trGNR fibers. By using hydrazine,36
GONRs can be chemically reduced (cr) to crGNRs that can be spun into crGNR fibers.
The crGNR fibers can be annealed (a) to afford a-crGNR fibers. The two different fiber
preparations are shown in Figure 2.1.
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Figure 2.1. Procedure for the processing of two types of GNR fibers.

	
  

Figure 2.2. Schematic of the features of different carbon fiber precursors. (a) PAN
precursor; long disordered polymer chains. (b) Mesophase pitch precursor; liquid
crystal phase with small individual molecules about 2 nm in diameter. (c) GNRs
liquid crystal phase with individual ribbons 4 µm in length, over 100 nm in width.

GONRs are an attractive precursor to carbon fiber, essentially combining the
merits of PAN and pitch, as shown in Figure 2.2. GONRs are graphene layers with
oxygen functional groups. The lengths of the GONRs average 4 mm, with widths over
100 nm.In addition, both crGNRs and GONRs can be dispersed in chlorosulfonic acid,
commonly used in manufacturing synthetic detergents, sulfonamide antibacterials and
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pesticides,38 to form anisotropic liquid crystal phases at room temperature. Diethyl ether
(bp = 35 °C, viscosity 0.224 cP at 25 °C) was used as the coagulation bath solvent. The
spinning apparatus was the same that was used to spin carbon nanotube fibers,39, 40 it
includes a self-made spinning chamber with a piston inside. The piston is connected to a
pressure controller at one end of the chamber, and a spinneret is hooked to the other end
of the chamber. The lyotropic materials were extruded, through the small spinneret, into
the coagulation bath with an air gap to produce aligned ribbons within the as-spun fibers.
Stabilization is not necessary for crGNR or GONR fibers since they are already suitably
constituted with pre-formed graphene layers. Carbon fibers produced from graphene
nanoribbons (GNRs), after industrial optimization, might yield enhancements to this
important class of materials, and we describe here our initial results using these starting
structures.

2.2. Results and Discussions

2.2.1. Solubility Study and Liquid Crystal Phase Observations

The GONRs were characterized by SEM and atomic force microscopy (AFM) as
shown in Figure 2.3. The average length of the ribbons was 4 µm, and the width was >
100 nm; a size distribution diagram is shown in Figure 2.3b. AFM analysis indicated that
the height of the ribbon was ~ 1.2 nm, which implies that the ribbons are single layer.
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Figure 2.3．Characterizations of GONRs. (a) SEM image of a folded, single-layer
GONR on silicon substrate. (b) Size distribution of GONRs. (c) AFM image of a
single-layer GONR. (d) Height profile of (c).
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Figure 2.4．Liquid crystals in chlorosulfonic acid as observed through POM. (a) 2
wt% GONRs under transmission mode. (b) 2 wt% GONRs under cross polarized
mode. (c) 2 wt% crGNRs under transmission mode. (d) 2 wt% crGNRs under cross
polarized mode.

The solubility of both GONRs and crGNRs in chlorosulfonic acid was studied
prior to spinning. Microscope slides of a 2 wt% GONRs or crGNRs were prepared for
analysis by POM. Birefringent patterns typical of a liquid crystal phase were detected
from both samples (Figure 2.4). Concentrations of 8, 12 and 15 wt% GONRs and 8 wt%
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crGNRs samples were studied, and all had a liquid crystal phase (Figure 2.5); this
confirmed that GONRs and crGNRs are promising materials for solution based wet
spinning. However, 15 wt% GONRs start to show big aggregations which can deteriorate
the spinning continuity and morphology of as-spun fibers. The GONRs and crGNRs are
apparently dispersed in the acid through a protonation mechanism that is similar to that
observed for graphene and SWNCTs.27,41,42
Raman spectroscopy of this GONRs colloid showed a shift in the G peak from
1594.2 cm-1 to 1618.1 cm-1 (Figure 2.6), an indication of protonation by chlorosulfonic
acid. This protonation is reversible, since Raman G peak shifted back to 1594.2 cm-1
when the acid was washed away with water.
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Figure 2.5. Polarized optical microscope (POM) analyses of GONR/chlorosulfonic
acid colloids. (a) 8 wt% GONRs under transmitted mode; (b) 8 wt% GONRs under
crossed polarized mode; (c) 12 wt% GONRs under transmitted mode; (d) 12 wt%
GONRs under crossed polarized mode; (e) 15 wt% GONRs under transmitted mode;
(f) 15 wt% GONRs under crossed polarized mode. (g) 8 wt% crGNRs in
chlorosulfonic acid under transmitted mode; (h) 8 wt% crGNRs in chlorosulfonic
acid under crossed polarized mode.

Figure 2.6. Raman spectra at an excitation wavelength of 514 nm. Raw GONRs
(red); GONRs-chlorosulfonic acid colloid (blue); GONRs colloids that was washed
in water to remove the chlorosulfonic acid (black).
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2.2.2. Spinning Method and Parameters

The spinning technique used is dry jet wet spinning, which is used by industry for
PAN-based carbon fiber, Kevlar, and Zylon fiber spinning. Images of the spinning
process, including extrusion with a 12-cm air gap, coagulation and fiber collection are
shown in Figure 2.7. The extrusion rate was 0.02 mL/min, the length (L) of spinneret was
2.54 cm, and the orifice diameter (D) was 125 µm, so the L/D ratio was calculated to be
203. Tens of meters of continuous GONR fibers can be spun in 1 h. The air gap set here
is crucial to the fiber’s performance; this effect will be further discussed in the
mechanical characterization section. The air gap has been observed to be very important
for the spinability and drawability of some polymeric fibers, such as PAN; too long or too
short an air gap will lead to inferior drawability and tensile properties. If a rolling drum is
used to stretch the fiber during spinning, the alignment of the as-spun fiber can be further
improved. Unfortunately, a higher draw ratio was not possible using the present apparatus;
this problem could be solved by a newly engineered design. The maximum air gap for a
stable spinning is 15 cm for the current setup.

2.2.3. Coagulation and Fiber Morphology Study.

Little research has been done regarding the preferred coagulation bath conditions
to produce graphene fibers, thus rough fiber morphologies and a non-circular cross
sectional shapes were attained in a previous study.33,34 The cross-sectional shape of wetspun fibers is closely associated with the choice of coagulation conditions; it is an
important structural characteristic that can influence certain fiber and fiber assembly
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properties.43-45 An appropriate coagulation bath composition should satisfy the needed
requirements. First, GO or GONRs should be insoluble in the coagulation bath. Second,
the cross-sectional shape of the wet-spun fibers is determined by the deformability of the
coagulated layers and the mass transfer rate difference.44 In other words, the coagulation
rate should be high, thus the coagulated layers would have a small gradient at the
interface between the surface layer and the core, and the coagulated outer layers will not
deform easily towards the core direction, so a circular shape can be expected. The mass
transfer rate difference needs to be low, which means the solvent’s rate of diffusion out of
the fiber should not be much faster than the absorption of the nonsolvent.45 If the rates are
not similar, then an irregular cross-sectional shape will likely be produced along with
voids. Third, the viscosity of the bath should be low so as to mitigate etching of the
surface of the fiber while it moves in the bath, therefore resulting in good surface
morphology.
In this case, water was evaluated to make the GONR solution since water is easier
and safer to use than chlorosulfonic acid. A liquid crystal phase was observed for a 5
wt% GONR aqueous solution, as shown in Figure 2.8a. For the coagulation bath, ethyl
acetate, methyl acetate or diethyl ether were tried, but none of these yielded satisfactory
fiber morphologies, as shown in Figure 2.8b-c. Overall, dissolving the GONRs in water
did not yield good fibers.
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Figure 2.7. Dry jet wet spinning setup. (a) Coagulation bath of ether covered with
Parafilm to slow evaporation. Continuous fibers were spun into the bath with a 12cm air gap. The area framed by the red box is enlarged in the inset image and shows
the fiber extruding from the spinneret. (b) Fibers spontaneously form a coil in the
bottom of the coagulation bath. (c) Fibers collected on a Teflon drum.
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  Figure 2.8. GONR fiber spun from aqueous GONR solution coagulated in ethyl
acetate. (a) Liquid crystal phase of 5 wt% GONR in DI water. (b) Surface
morphology of the resulting GONR fiber. (c) Cross section morphology of the
GONR fiber.

Figure 2.9. Characterizations of GONR fibers spun from 8 wt% colloid. (a) Surface
morphology of the as-spun fiber. (b) Transverse cross section morphology. (c) The
fiber was knotted into a loop.

SEM images of 8 wt% as-spun GONR fibers using the chlorosulfonic acid/diethyl
ether solvent-coagulent pairs are provided in Figure 2.9 and shows smooth fiber surface
and circular cross-sectional shape.
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2.2.4. Mechanical Characterizations of GONR and trGNR Fibers from 8 wt%
Colloid.

The GONR fibers spun with different air gaps have an average diameter of 54 µm,
tensile strength of 33.2 MPa, modulus of 3.2 GPa, and elongation of 1.64%. GONR fibers
are quite flexible, and can be knotted into a loop with a minimum ~1 mm diameter, as
shown in Figure 2.9c. The porosity of as-spun GONR fiber was evaluated by using BET
measurement, and its N2 adsorption-desorption isotherm is shown in Figure 2.10. Based
on the BET measurement, its surface area is 58 m2/g, indicating the existence of some
micro voids within the as-spun fibers.

	
  

Figure 2.10. N2 adsorption-desorption isotherm for as-spun GONR fiber.
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Heat treatment of the precursor fibers is a key step for their improved
performances. The moduli of both PAN and mesophase pitch-based carbon fiber increase
with higher annealing temperature. The tensile strength of PAN-based carbon fiber peaks
at a carbonization temperature of about 1500 °C and then drops upon further increase in
carbonization temperature; for mesophase pitch-based carbon fiber, the tensile strength
increases with higher annealing temperature.2

Figure 2.11. Characterizaitons of trGNR fibers. (a) Surface morphology of the 1050
°C annealed trGNR fiber. (b) Cross section morphology of the 1050 °C annealed
trGNR fiber. (c) Typical stress-strain curve of the as-spun GONR fiber (12 cm air
gap) and 1050 °C annealed trGNR fiber (12 cm air gap) with 1.3 gf pretension.

The surface morphologies of 1050 °C trGNR with 1.3 g pretension are shown in
Figures 2.11a and b. The diameter of the fiber was smaller since the oxygen functional
groups and some voids were eliminated. The fiber with the best physical properties had a
tensile strength of 383 MPa, a modulus of 39.9 GPa and an elongation to break of 0.97%;
a typical stress-strain curve is shown in Figure 2.11c. The tensile strength and modulus
increased by about one order of magnitude when compared to the as-spun GONR fibers.
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Higher molecular alignment leads to higher tensile modulus. Our result shows
trGNR fibers have higher tensile modulus when compared to graphene fibers produced
using other methods (~10 GPa).

33-35

The density of trGNR fiber annealed without

pretension was measured to be 0.88 g/cm3, less than half of that of carbon fibers (1.75-2.2
g/cm3).19 This could be due to the existence of residual micro-voids within the trGNR
fibers. The specific strength of trGNR fiber is 430 kN*m/kg, which is higher than some
commercial GPCF and metals such as titanium, aluminum and steel;46 a comparison
diagram is shown in Figure 2.12.

Figure 2.12. Comparison of the specific tensile strength of trGNR fiber, commercial
GPCF and some metals.
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By comparing the performance of 1300 and 1500 °C trGNR fibers with 0.5 gram
force (gf) pretension, we observed that the tensile strength and modulus had a small
increase; since this increase was within error limit, we can make no definite conclusion.
The thermal annealing apparatus used in the present case has a high temperature limit of
1500 °C; hence, no definite conclusions regarding temperatures above 1500 °C can be
made.The effect of the air gap on the properties of the fiber was also studied. As shown
in Table 2.1, the GONR and trGNR fibers (8 wt %) with a 12 cm air gap had a
significantly smaller diameter and better mechanical performance than the fibers with a 2
cm air gap. When a larger air gap was used, the gravity of extruded solution may
accelerate the solution dripping speed before entering the coagulation bath, which
stretches and further aligns the orientation of the GONR in the as-spun fibers. However,
it is not true that lengthier air gap can always lead to better fibers. For a too long air gap,
the axial elastic strain relaxation in air gap would play a more important role than axial
orientation in jet stretch. The optimal air gap in the current experimental set-up was not
investigated.
The application of pretension to the fiber during annealing should improve further
the alignment of the trGNRs, resulting in improved electrical and mechanical properties.
We therefore studied the effect of pretension on the performance of the fibers. Properties
of trGNR fibers annealed up to 1500 °C with various pretensions of are summarized in
Table 2.1. Fibers produced using higher pretensions have better mechanical properties
than the fibers annealed using low pretensions, an observation that has been made with
the production of other carbon fibers.2
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Table 2.1. Processing conditions and mechanical properties of GONR fibers from
different colloid concentrations.

*Diameter was measured from the fracture surface through SEM observation.
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Figure 2.13. Mechanical property comparisons of high-performance materials. (a)
Diagram of tensile strength and modulus versus fiber diameter of 8 and 15 wt%
trGNR fibers and some GPCFs. (b) Comparison of the specific moduli of the trGNR
fiber, GPCFs, metals and Kevlar fibers. GPCF2 refers to Kureha KCF-100T;
GPCF3 refers to Kureha KCF-100F.

The tensile strength and modulus of trGNR fiber are slightly lower than those of
the commercial GPCF47 made by Kureha and comparable to the coal tar pitch-based
GPCFs in the literature,48 as shown in Figure 2.13. It has been widely accepted that fibers
with smaller diameters yield better mechanical properties due to the minimization of
voids and defects within the fiber; this can be supported by comparing the mechanical
properties and SEM images of the transverse fracture morphology of trGNR fibers from 8
wt% and 15 wt% colloids. Much better mechanical performance could be attained if the
GNR fiber could be made smaller in diameter by using a smaller spinneret or a higher
draw ratio while spinning. The smallest fiber diameter in the current study (Table 2.1) is
about 29 µm, while the diameter of the current commercial high strength carbon fibers is
in the range of 5 – 7 µm.
Specific modulus is a material property consisting of the elastic modulus divided
by its density. High specific modulus is preferred in many applications such as airplane
wings, masts, bicycle frames and bridges whose design limitations are deflection and
physical deformation. A diagram showing the specific modulus of different materials is
shown in Figure 6b. The specific modulus of the trGNR fiber is 41*106m2/s2, higher than
the commonly used metals such as steel, aluminum and copper,46 and is also higher than

	
  

37	
  

	
  
the commercial GPCFs produced by Kureha.47 And while its specific modulus is
approaching that of Kevlar fiber,48 it is still about one order of magnitude lower than the
best HPCF.3 Optimization of the spinning and annealing techniques would increase both
the modulus and the tensile strength.

2.2.5. X-ray Diffraction Study.

To study the structure and molecular alignment, X-ray diffraction (XRD) data for
8 wt% as-spun GONR and trGNR fibers are shown in Figure 2.14. The as-spun GONR
fibers had two diffraction peaks at 2θ of ~10.2 and 42.7, which correspond to (002) and
(100) planes, respectively. After heat treatment, compacted graphene layers (002) were
formed and caused the diffraction peak to shift to 2θ ~25.9, which was clearly shown by
the 2-D XRD detector images and the x-ray diffractograms.
Heat treatment under tension induces the packing and alignment of the ribbons
along the fiber axis. Herman’s orientation factor (f) is defined by f = (3cos2θ-1)/2, where
θ is the angle between the orienting entity and the fiber axis.49 The optimized alignment
of these ribbons was confirmed by observing Herman’s orientation factor, which changed
from 0.105 to 0.528 upon heat treatment. The crystal size (Lc) was calculated by using
Scherrer’s formula; Lc increases along with higher annealing temperature. The value of
the average graphene interlayer spacing d(002) was from Bragg’s law; d(002) decreases
with increased annealing temperature. The layer number is the number of graphene layers
within a crystallite, which increases with higher annealing temperature. Lc, d spacing and
layer numbers are summarized in Table 2.2; see Experimental Section for calculations.
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Figure 2.14. XRD characterizations. 2-D XRD detector images of (a) As-spun 8 wt%
GONR fiber; (b) 1300 °C annealed trGNR fiber; (c) 1500 °C annealed trGNR fiber.
(d) X-ray diffractograms.

Table 2.2. Parameters of fibers calculated based on the XRD data. They are all
from 8 wt% colloid spinning.	
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2.2.6. Microstructure Study of Fibers Before and After Heat Treatment.

Microstructures of the fibers before and after annealing were investigated, and
their SEM images of fibers’ transverse fracture surfaces are shown in Figures 2.15. For
the as-spun fiber, the alignment of ribbons is poor, confirming that merely spinning fibers
from a liquid crystal phase does not produce significant alignment if no draw tension or
post-processing is applied. In the 1300 °C trGNR fibers, large domains of partially
ordered laminar structures were detected. During heat treatment, the arrangement of
ribbons shifted from limited order to regional order; this phenomena was confirmed by
the previous XRD measurement where Herman’s factor increased by 5 times.Heat
treatment eliminated the oxygen functional groups on the GONRs, left room for the
ribbons to move randomly. When pretensions applied along the fiber axis direction,
ribbons tend to rearrange towards that direction too, thus induce orientation within the
fibers. Those regional ordered laminar structures can be further improved to well-ordered
structures after spinning and heat treatment optimization studies.

	
  

40	
  

	
  
Figure 2.15. Transverse fracture surface of fibers. (a) as spun GONR fibers from 15
wt% colloid, showing ribbons with little order. (b) 1300 °C annealed trGNR fiber
from 15 wt% colloid with 1 gf pretension, partially aligned graphitic layers were
observed.

2.2.7. Electrical Properties.

	
  
	
  
	
  
	
  
	
  

Figure 2.16. I-V curve of trGNR fiber heated at 1500 °C.

The reduction of oxygen groups and alignment of ribbons both contribute to the
large increase in the fiber’s electrical conductivity. 1500 °C-treated trGNR fiber yielded a
conductivity of 285 S/cm. This is higher electrical conductivity than that reported for
chemically reduced graphene fibers (250 S/cm33and 35 S/cm34) and the hydrothermally
synthesized graphene fibers (10 S/cm).35 Note that the GONRs used in current study are
smaller in size than the GO flakes used in previous studies;33-35 the smaller size usually
leads to lower electrical conductivity. However, in our case, it is likely that the air gap
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during spinning and the pretension in the annealing process produce better fiber
alignment that contributes to the better electrical properties. A typical I-V curve is shown
in Figure 2.16.

2.2.8. Fibers Spun from Other Concentrations.

Figure 2.17. SEM images of as-spun GONR fibers. (a). GONR fiber spun from 12
wt% colloid. (b) Enlarged image of (a). (c) GONR fiber spun from 15 wt% colloid.
(d) Enlarged image of (c).
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Figure 2.18. SEM images of transverse fracture surface of fibers from 15 wt%
colloid.(a) GONR fiber-1; (b) 1300 °C trGNR fiber-1 from (a);(c) GONR fiber-2; (d)
1300 °C trGNR fiber-2 from (c); (e) GONR fiber-3; (f) 1300 °C trGNR fiber-3 from
(e). These voids were not seen in the preferred 8 wt% doped samples (Figure 2.9).

GONR fibers spun from 12 and 15 wt% colloid were characterized as was done
for the 8 wt% fibers. Spinning from higher concentration yields fibers with larger
diameters, and lower tensile strength. Lower tensile strength results from more defects
and voids within the fibers, and these defects and voids could easily initiate a break. The
mechanical properties of fibers spun from the 12 and 15 wt% colloids are summarized in
Table 2.1. Additional SEM images of the fiber morphology and their mechanical
properties are shown in Figure 2.17, 2.18 and 2.19. The SEM images show that 15 wt%
GONR fibers spun from the same batch exhibit large deviations in morphology and
mechanical properties. This might be because the GONRs are near their upper solubility
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limit in chlorosulfonic acid. Spinning from 12 and 15 wt% colloids sometimes clogged
the spinneret and the fibers were not as continuous as those spun from the 8 wt% colloid.

Figure 2.19. Mechanical tests of corresponding fibers from Figure 2.18. (a) Stressstrain curve of GONR fiber from 15 wt% colloid. (b) Stress-strain curve of 1300 °C
annealed trGNR fiber from 15 wt% colloid.

2.2.9. crGNR Fiber Spinning and Characterization.

Spinning of crGNR fibers was performed by the same process used for GONR
fiber spinning. Since the crGNRs are quite conductive, even the as-spun crGNR fibers
yield a conductivity of 5.6 S/cm. Annealing a-crGNR fiber at 1050 °C without pretension
yields a tensile strength of 90 MPa. The reason for the lower performance of the crGNR
fiber compared to the trGNR is not clear. It is possible that there was poor dispersion of
crGNR in chlorosulfonic acid at high concentration, leading to aggregation in the colloid
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and resulting in discontinuous spinning and more voids in the as-spun fibers. Images of
the fiber morphology and its properties are shown in Figure 2.20.

Figure 2.20. crGNR fiber spun from 8 wt% chlorosulfonic acid colloid. (a) Dry jet
wet spinning. (b) Tens of m of crGNR fibers collected on a Teflon drum. (c) Stressstrain curve of 1050 °C a-crGNR fibers. (d) SEM image of as-spun crGNR fiber. (e)
Transverse cross section of as-spun crGNR fiber.
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2.2.10. Carbon Yield.

Previous experiments indicated that the weight loss of 950 °C heated crGNRs was
~ 15 wt%.36 Hence, the carbon yield of crGNRs is 85 wt % at this temperature. For
GONRs, the carbon yield ranged from 52 to 80 wt% at 950 °C according to the oxidation
level.36 It is known that the weight loss in heat-treating carbon materials over 1000 oC is
mainly attributed to the loss of hydrogen,51,52 which is less than 1 wt% even when heated
to 3000 oC.53 With that 1 wt% taken into account, the carbon yield of crGNR is still
higher than any known carbon fiber precursors while the carbon yield of GONRs is
comparable to that of PAN and pitch. A summary of the carbon yield of different
precursors when heated over 2500 oC is shown in Figure 2.21.
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Figure 2.21.Carbon yields of different carbon fiber precursors when heated over
2500 oC. *Heated to only 950 oC in experiment; the additional weight loss between
1000 oC and 2500 oC is generally small.

2.3. Experimental Method

2.3.1. Materials and sample preparations.

MWCNTs were of the Endo-type and were generously donated by Mitsui & Co.,
Ltd. The MWCNTs were converted to GONRs using a previously published method.36
For 8 wt% GONRs colloid, GONRs (0.8 g) and chlorosulfonic acid (5.2 mL) were mixed
in a flask in a glove box and the flask was sealed using PTFE tape. The solution was
prepared in a hood following a protocol similar to that used for single-walled carbon
nanotube solutions.39,40 The colloid was returned to the glove box again for microscope
slide preparation. The slide must be sealed with aluminum tape to avoid its contact with
air when it is removed from the glove box for polarized optical microscopy (POM)
analysis.GONRs and crGNRs of other concentrations were made in a similar fashion
using appropriate amounts of materials. GONRs (0.8 g) were mixed with chlorosulfonic
acid (3.3 mL or 2.6 mL) to get 12 wt% or 15 wt% GONRs, respectively.
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2.3.2. Fiber spinning and processing.

GONR colloid was loaded into the spinning chamber within the glove box. The
loaded chamber was evacuated under vacuum before spinning to degas the sample. Fibers
were extruded into the ether coagulation bath with an air gap of 2-15 cm. Fibers were
soaked in the bath for 10 min, collected on a rotating drum, and finally dried in the oven
at 110 °C for 2 h.

2.3.3. Heat treatment.

For the heat treatment process, fiber specimens were fixed onto a graphite fixture
under tension. The apparatus was purged with argon for 30 min at a flow rate of 14 L/min
prior to heating. The samples were heated from room temperature to 1500 °C at a heating
rate of 5 °C/min with purging argon at 10 L/min. After reaching the required temperature,
it was held for 10 min and then the sample was cooled to room temperature.

2.3.4. Mechanical testing.

Mechanical testing was done using an Instron Model 1000 with 0.5 mm/min
extension rate and 12 mm gauge length. The diameter of the fiber was measured from the
fracture surface by SEM observation.
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2.3.5. Fiber density measurement.

30 m of GONR fibers were collected and placed in the oven at 110 °C to remove
the residual ether, followed by heat treatment at 1050 °C with no pretension. The cross
sectional area, S, of the fibers was obtained by SEM based on the average of 10 different
samples. The weight of these fibers was determined using an Aldinger Mettler AE100
balance.

2.3.6. X-ray diffraction measurement and calculations.

Measurements were made by performing an equatorial scan (perpendicular to the
fiber axis), a meridian scan (parallel to the fiber axis), and an azimuthal scan (rotating the
fibers in the attachment) at the fixed Bragg position. The sample parameters were
calculated as follows: the (002) peak from the equatorial scan was used to estimate the
value of the average graphene interlayer spacing, d (002), and the crystallite thickness Lc;
the Layer number was obtained by using the formula Lc /d(002). The value of d(002) was
calculated using Bragg’s law, and the crystallite thickness Lc was calculated using
Scherrer’s formula: d(002) = λ/2sinθ; Lc = Kλ/βcosθ where λ is the X-ray wavelength, θ
is the scattering angle, K is the shape factor (0.89) and β is full width at half maximum
intensity (FWHM).
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2.4. Conclusions

High concentrations of GONRs are dispersed in chlorosulfonic acid through a
protonation mechanism. Continuous GONR fibers were successfully spun from liquidcrystal-phase solutions using an air gap in the spinning process. Fiber morphology and
cross sectional shape are directly related to the selection of coagulation bath solvent.
Fibers spun from higher concentration yield more voids and lower performance. Post
processing is crucial to achieve molecular alignment in a fiber. The GONR-based carbon
fibers had better properties after higher temperature annealing with higher pretension.
Partial anisotropic domains within the trGNR fiber matrix make their specific tensile
strengths comparable to and their specific moduli and electrical conductivities higher
than those of commercial GPCF. It is expected that far better properties can be attained
by optimization of the spinning and annealing conditions to attain well-ordered fibers.
This new carbon fiber precursor together with the more accessible spinning technique
could be a harbinger for the next generation HPCF and spark a new advance for future
carbon fiber production to serve the high-performance markets.
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Chapter 3
Graphene Oxide Fibers
This chapter was entirely copied from reference 1.

3.1. Introduction

High performance fibers produced from well-aligned one dimensional polymer
chains and two dimensional graphitic structures have achieved tremendous success in the
past decades, resulting in products such as Kevlar fibers and pitch-based carbon fibers.2,7
Spinning from liquid crystal phase (LCP) can bring good intrinsic structural alignment
within the fibers, and this is the main contributor for their superior performances. The
effort towards further improving carbon fiber performance continues, but only marginal
progress has been reported since the 1980s.8-10 It has been widely recognized that the size
of the building blocks is another factor in carbon fiber mechanical performance, and
larger building blocks usually yield fibers with better mechanical properties.11,12For
pitch-based carbon fiber, the size of its starting building blocks is only 2 nm on average,6
thus assembling a highly aligned larger graphitic structure would likely afford higher
performance carbon fibers.
Large graphitic flakes might afford higher performance carbon fibers, but
assembling pure graphite flakes into a macroscopic fiber is difficult since it is almost
impossible to find an appropriate solvent to disperse them at the high concentration
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required for spinning. However, graphene oxide (GO) produced by oxidizing graphite
flakes has been reported to afford good dispersion within water and other commonly used
solvents to form liquid crystal phases.13-16 Some preliminary work on GO fibers was first
reported without drawing during the spinning process.17-19 Afterwards, spinning with
inefficient drawing was also studied,12 but they all resulted in as-spun GO fiber with low
tensile modulus. Tensile modulus is reflective of the intrinsic alignment along a fiber axis
direction, and the exemplary Kevlar 29 and stabilized pitch based carbon fiber yield
tensile moduli of 58 and 216 GPa, respectively.6,20 The best tensile modulus of as-spun
GO fiber reported in the literature is only 5.4 GPa,17 indicating low alignment of the GO
layers.

3.2. Results and Discussion

To solve this problem, here we present a continuous wet spinning method for GO
fibers with efficient and stable drawings, resulting in as-spun fibers with about one order
of magnitude higher modulus than those reported previously. The key factors for
achieving this efficient and stable drawing are the spinning from high concentrations (7
wt%) of viscous dope coupled with appropriate selection of the coagulation solvent.	
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Figure 3.1.Characterzations of LFGO and SFGO fibers. (a) Optical microscope
image of 5 wt% LFGO dispersed in DI water, scale bar is 100 µm. (b) Specific
stress-strain curves of SFGO and LFGO fibers spun without drawing. (c) SEM
image of LFGO fiber with an overhand knot; scale bar is 100 µm. (d) A tied LFGO
fiber. (e) Pulling the tied LFGO fiber to form a knot, the yellow rectangle highlights
the position of the knot. (f) Continuing to pull the LFGO fiber; it breaks at a point
far from the knot.
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Figure 3.2. Characterizations of LFGO. (a) SEM image of LFGO; scale bar is 50
µm. (b) Size distribution diagram of LFGO determined from SEM. (c) AFM image
of LFGO; scale bar is 5 µm. (d) Height profile of (c).

The size of the building blocks is a critical factor for a fiber’s stress. Assembling
larger building blocks would afford fibers with higher stress when compared with those
prepared from smaller building blocks under the same processing conditions. In this work,
we used two types of GO flakes: large flake GO (LFGO), which is 22 µm in average
diameter, and small flake GO (SFGO), which is 9 µm on average in diameter
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(approximating a distorted disk-like structure). Both were prepared from graphite using a
single step oxidation method. 21 The optical microscope image of LFGO dispersed in DI
water is shown in Figure 3.1a. The diameter of these LFGO can range from 5 µm to 62
µm. Scanning electron microscopy (SEM), size distribution and atomic force microscopy
(AFM) characterizations of LFGO are given in Figure 3.2. The SFGO ranges from 1 µm
to 21 µm in diameter, with SEM, size distribution and AFM characterizations given in
Figure 3.3. Both of the SFGO and LFGO are single layers at the analysis concentrations
as determined by AFM.
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Figure 3.3. Characterizations of SFGO. (a) SEM image of SFGO; scale bar is 50 µm.
(b) Size distribution diagram of SFGO determined from SEM. (c) AFM image of
SFGO; scale bar is 5 µm. (d) Height profile of (c).

In order to study the effect of size on the GO fiber performance, 5 wt% of the
SFGO and LFGO were both dispersed in DI water to form a homogeneous gel. Fibers
were extruded from a 175 µm orifice at the rate of 0.1 mL/min; ethyl acetate was used in
the coagulation bath. Extruded fibers fell directly into the coagulation bath without any
stretching, and the fibers were soaked there for 5 min. The soaked fibers were removed
from the bath and laid on a Teflon® plate for overnight drying at room temperature.
Figure 1b shows the specific stress-strain curves of these two types of fibers, and we
observed a dramatically improved mechanical performance from LFGO fibers, with
178% increase of specific stress, 188% increase of specific modulus and 278% increase
of elongation at break when compared to the SFGO fiber. The results of these tests are
summarized in Table 3.1. The reason we use specific stress here is because the as-spun
GO fibers do not have a circular cross-sectional shape. Thus it is difficult and inaccurate
to measure their cross-sectional areas to provide stress and modulus. 11,16-18It has been
more accepted to use specific stress when dealing with fibers with irregular shapes.21,22
The units for specific stress are N/tex, which is given by the fiber’s breaking force
divided by its linear weight, with N/(g/cm) = GPa/(g/cm3).
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Table 3.1. Mechanical characterizations of LFGO and SFGO fibers

Figure 3.4. Characterizations of LFGO fiber knots and LFGO. (a) Reef knot of
LFGO fibers; scale bar is 500 µm. (b) Monolayer LFGO on a silicon substrate;
wrinkles and bending edges exist; scale bar is 50 µm.

Since the LFGO fibers are very flexible (11.1% elongation at break), they can be
easily knotted into different types of knots such as the overhand knot in Figure 3.1c and
reef knot in Figure 3.4a. Interestingly, we discovered that LFGO fibers spun without
	
  

62	
  

	
  
drawing show unconventional 100% knot efficiency (KE). KE is defined as the breaking
stress of a knotted fiber divided by the breaking stress of a control fiber expressed in
percentage, and all known polymer fibers show KE lower than 100%.23 For example,
Kevlar 29 has a KE = 23%.

24

The knot degrades conventional fibers’ stress because its

high bending modulus introduces bending defects during the knotting process, thus the
knotted fiber always breaks at the knot. The LFGO fiber showed a completely different
behavior with the breaking point far from the knot as shown in Figure 3.1d-f. This
behavior was previously observed only from carbon nanotube yarns.23 The reason for this
unusually high knot efficiency is likely due to the low bending modulus of the LFGO
fiber. Monolayer graphene has been reported to have low bending modulus that allows it
to be bent easily without breaking,25, 26 and wrinkles and bending edges towards the
center are always seen in the individual GO flake as shown in Figure 3.4b. However, this
100% KE was scarcely observed from SFGO fibers. SFGO is too small to cover the
entire knot; the bending occurs at a flake boundary leading to breakage at the knot.
However, LFGO is large enough to wrap around the knot, so the bending likely occurs on
the LFGO basal planes with high bending angles due to their low bending moduli,
therefore the existence of a knot on a LFGO fiber does not mechanically degrade the
fiber.
This knotted LFGO fiber maintains a high specific stress of 139 mN/tex,
approaching the knotted Kevlar 29 having 406 mN/tex.23 Several post-processing
treatments such as crosslinking may further improve the specific stress of knotted LFGO
fibers, making LFGO fibers attractive for engineering ropes, for example.
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Figure 3.5. SEM images of GO fibers coagulated from different solvents. (a) 7 wt%
SFGO fiber coagulated in methyl acetate at 1.27 draw ratio; scale bar 20 µm (b)
Expanded image of (a); scale bar 5 µm. (c) 7 wt% SFGO fiber coagulated in ethyl
acetate at 1.27 draw ratio; scale bar 20 µm. (d) Expanded image of (c); scale bar 5
µm.

To achieve highly aligned GO fiber, here we used SFGO as the starting material.
The reason we prefer SFGO is that it is easier to maintain well-aligned LC domains from
these flakes when passing them through the spinning orifice; such alignment was not
achieved with LFGO. Another problem for LFGO is that the size of the flakes are similar
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to the orifice size (175 µm), which sometimes led to blockage of the orifice, so that
continuous spinning could not be attained. Before spinning SFGO fibers, the appropriate
coagulation bath for aqueous SFGO dope had to be determined. A good coagulation bath
will give a solid fiber structure with a smooth morphology. More importantly, stable
drawing has to be attained for introducing better alignment. With the above
considerations, we tried different solvents such as methyl acetate, ethyl acetate, methanol
with 5 wt% CaCl2, ether and isopropanol. Only methyl acetate or ethyl acetate permitted
a continuous and stable drawing.
Transverse SEM images of GO fiber coagulated in methyl acetate and ethyl
acetate are shown in Figure 3.5; the advantage of using ethyl acetate is obvious from the
figure, giving a fiber with solid structure. The reason for the formation of the hollow
structure using methyl acetate is probably due to the high mass transfer rate difference
between methyl acetate and the aqueous dope; the solubility of methyl acetate in water is
~3 times that of ethyl acetate’s water-solubility. When the mass transfer rate difference is
higher, much more water diffuses out of the fiber than methyl acetate diffuses into the
fiber, so hollow structures are formed.27 Therefore, ethyl acetate was selected as the
coagulation solvent for this experiment.
The morphology of the as-spun GO fiber is not regular; it has ripples on the
surface and the cross section is not a standard circle as we attained before from graphene
oxide nanoribbon (GONR) fibers.28 Initially, we thought the irregular GO fiber shape was
because of the use of different solvents for dispersion and coagulation. For GONR fibers,
chlorosulfonic acid was used as the GONR dispersion solvent, and ether was used as the
coagulation solvent. However, when chlorosulfonic acid/SFGO dope and ether
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coagulation were used for SFGO fiber spinning under the same conditions, there was
little difference from the ethyl acetate and water pair on the fiber’s morphology, as shown
in Figure 3.6a. The reason for the similarity could be due to the larger size of SFGO
compared to GONR. The SFGO used here was ~50 times larger than the GONR, thus it
can easily trap solvents between the GO layers. The trapped solvent evaporates during the
drying process, and the fiber shrinks to fill voids, resulting in a rough surface morphology.
Therefore, we think the irregular GO fiber morphology is not due to the selection of
dispersion solvent and coagulation pair; it is more likely due to the flake size. The
morphology of the fibers coagulated using methanol with 5 wt% CaCl2, ether and
isopropanol are given in Figure 3.6b-d.
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Figure 3.6. SEM images of SFGO fiber morphology. (a) GO fiber spun from 7 wt%
chlorosulfonic acid dope, coagulated in ether. (b) GO fiber spun from 7 wt%
aqueous solution; coagulated in methanol with 5 wt% CaCl2. (c) GO fiber spun
from 7 wt% aqueous solution; coagulated in ether. (d) GO fiber spun from 7 wt%
aqueous solution; coagulated in isopropanol. All scale bars are 40 µm.

Dope concentration is another important factor that affects spinning continuity
while drawing. In the work described here, 7 wt% aqueous dope worked well. We also
tried to spin GO fibers from 3 and 5 wt% aqueous dopes, but neither of those
concentrations afforded stable spinning while applying drawing. Lower concentration
yielded thinner fibers that can easily break due to the drum’s collecting force. The
inferior performance of the lower concentrations of aqueous dopes could also be due to
the resulting low viscosity that makes the extruded fiber less stretchable.

Figure 3.7. GO liquid crystals and fiber spinning. (a) Liquid crystal phase of 7 wt%
SFGO dope checked under POM; scale bar is 100 µm. (b) Spinning apparatus: 1 is
the spinning chamber, 2 is the ethyl acetate coagulation bath; 3 is the spinning
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orifice, 175 µm in diameter; 4 is the rotating drum for fiber collection. (c) SEM
image of the as-spun SFGO fiber at 1.09 draw ratio; scale bar 40 µm.

Figure 3.8. Cross-sectional morphologies of SFGO fibers spun and drawn at
different draw ratios. (a) No drawing. (b) 1.09 draw ratio. (c) 1.27 draw ratio. (d)
1.45 draw ratio. (e) 1.64 draw ratio. (f) 1.82 draw ratio. All scale bars are 20 µm.

After attaining continuous and stable drawing by selecting the appropriate
coagulation solvent and dope concentration, we focused on the spinning draw ratio and
the fiber’s mechanical properties. In Figure 3.7a, liquid crystal domains of 7 wt% SFGO
in aqueous solution are observed using polarized optical microscopy (POM). A spinning
image is given in Figure 3.7b, and the draw ratio can be adjusted through changing the
extrusion rate and drum rotation speed. In this work, we set the extrusion rate at 1.1
m/min, and the drum speed varied at 1.2, 1.4, 1.6, 1.8 or 2.0 m/min, thus the draw ratio
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being 1.09, 1.27, 1.45, 1.64 and 1.82, respectively. An SEM image of the as-spun GO
fiber at 1.09 draw ratio is given in Figure 3.7c. The spinning is stable and continuous at
draw ratios of 1.09 and 1.27, with the longest recorded spinning time 27 min without
breaking. The 1.27 draw ratio is the threshold for stable spinning; higher draw ratios
beyond that produce frequent breakage. In this case, fibers spun with draw ratios higher
than 1.27 do not necessarily attain that draw ratio due to inefficient stretching after
breakage.

Figure 3.9. SEM images of GO fibers at different draw ratios. (a) SFGO fiber at
1.09 draw ratio. (b) SFGO fiber at 1.27 draw ratio. (c) SFGO fiber at 1.45 draw
ratio. (d) SFGO fiber at 1.82 draw ratio.All scale bars are 1 µm.
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Draw ratios also have an effect on the fiber’s cross-sectional shape; similar
behavior is observed in polyacrylonitrile (PAN) fiber spinning.29 Fibers spun without
drawing have irregular shapes. As a 1.09 draw ratio is applied, the cross-sectional shape
starts to become circular. Drawing can increase the coagulation rate while decreasing the
stiffness gradient at the interface between the coagulated layers and the core, resulting in
circular cross-sectional shapes. As the draw ratio continues to increase, the cross
sectional shape becomes more flat, turning into a thin film at 2.0 draw ratio. SEM images
of SFGO fiber cross sectional morphologies with various applied draw ratios are shown
in Figure 3.8.
We also investigated the effect of drawing on the intrinsic structure of SFGO
fibers, and how these structural changes ultimately affect the fiber’s mechanical
properties. GO alignment along the fiber axis direction can be observed by acquiring the
SEM images of the fibers’ cross sections. In Figure 3.9, we can clearly see that the
alignment of GO flakes was optimized as the draw ratio increased. For fibers with 1.09,
1.27 and 1.45 draw ratios, the aligned direction is largely random, and the GO layers
were folded to some extent. For the fiber with 2.0 draw ratio, the GO flakes were
uniformly aligned toward one direction, while the material was more like a GO paper
rather than a fiber. The mechanical properties of fibers with 1.09, 1.27 and 1.45 draw
ratios are summarized in Table 3.2 and Figure 3.10a. Both the specific stress and
modulus continue to increase with higher draw ratios. Interestingly, the stretched fibers
still maintained good flexibility; the 1.27 draw ratio fibers can be easily woven into a
piece of freestanding textile as shown in Figure 3.10b, and the knitted textile is still
robust and flexible, it can even support itself and bend without breaking as shown in
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Figure 3.11a-b. Fibers with draw ratios > 1.45 were not tested since the spinning was
interrupted so frequently by breakage that it was difficult to determine an accurate draw
ratio.

Table 3.2. Mechanical properties of SFGO fibers at different draw ratios.

Draw
ratio

Specific
stress

Specific

Elongation at

Stress

Tensile

(MPa)

modulus

modulus

break

(mN/tex)

(N/tex)

(%)

1.09

104 ± 6

10 ± 1.6

1.64 ± 0.12

124 ± 8

14 ± 1.5

1.27

126 ± 13

20 ± 0.6

0.84 ± 0.08

173 ± 4

25 ± 1.7

1.45

156 ± 22

41 ± 3.5

0.61 ± 0.10

214 ± 38

47 ± 8.1

(GPa)

SFGO fibers with the best mechanical performance were attained from 1.45 draw
ratio, yielding a specific stress of 156 mN/tex, specific modulus of 41 N/tex with
elongation at break of 0.61%. Since this work is mainly focused on a fiber’s alignment,
specific modulus would be the most important parameter used for evaluation, and it
compares well with Kevlar 29 which has a specific modulus of 58 N/tex. To further
confirm the alignment of the SFGO fiber, POM was used as it has been a well-recognized
tool for fiber alignment observation.7,30,31 When a well-aligned fiber such as Kevlar 29
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was set parallel to the polarizer, since the alignment is along the fiber axis direction, the
polarized light passes through the fiber and was negated at that orthogonal analyzer,
giving a dark image as shown in Figure 3.12a; when the fiber was rotated from 0° to 45°
with respect to the polarizer, the image starts to become successively brighter and reaches
its brightest mode when at 45° as shown in Figure S8b. POM images of 1.45 draw ratio
SFGO fiber show the same phenomenon as Kevlar 29, as seen in Figure 3.10c-d,
confirming that the alignment of this SFGO fiber is high but not 100% since some small
dark domains exist within the fiber in Figure 3.10d.
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Figure 3.10. Characterization of SFGO fibers. (a) Specific stress-strain curves of
SFGO fibers with different draw ratios. (b) 1.27 draw ratio SFGO fibers were
woven into a textile. (c) POM image of 1.45 draw ratio SFGO fiber when the fiber
axis direction parallel to the analyzer direction; scale bar 100 µm. (d) The same
sample in (c) under POM when the stage was rotated 45° clockwise; scale bar 100
µm.

Figure 3.11. SFGO fibers textile. (a) SFGO fiber knitted textile can be easily lifted
with a tweezer without breaks. (b) SFGO fiber knitted textile is flexible enough to
endure 90° bending without breaks.
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Figure 3.12. POM images of Kevlar 29. (a) Fiber axis direction parallels to the
analyzer direction; scale bar 100 µm. (b) Fiber axis direction 45° clockwise to the
analyzer direction; scale bar 100 µm.

Figure 3.13. Comparison diagram of mechanical performance for as-spun GO fibers
in this study and previous work.
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To compare our result with the previous GO fiber work in the literature, we have
to convert our data from N/tex to Pa, since Pa is used in all of the other work. As we
mentioned above, N/tex is a more accurate unit for fibers with irregular shapes, so the
error of the result expressed in Pa here would be relatively larger. The conversion results
are summarized in Table 3.2, and the comparison of our SFGO fiber with other GO fibers
in the literature is given in Figure 3.12. The modulus of our 1.45 draw ratio GO fiber is
47 GPa, 10 times higher than the best GO fiber reported to-date.17 This is likely an effect
of stable and efficient drawing. However, this modulus is still lower than the best carbon
nanotube fibers (~350 GPa).32
SFGO fibers can be reduced as reduced GO fibers by going through a 1000 °C
oven with argon flow; see Experimental Section for experiment details. The electrical
properties of this reduced GO fiber were also studied. In Figure 3.14a, an SEM image of
1000 °C- treated, 1.27-draw-ratio reduced GO fiber with a diameter of ~26 µm is shown.
Its electrical resistance of was measured at the temperature range from 4.2 K to 300 K.
Figure 3.14b shows the resistance normalized by its room temperature value as a function
of temperature. The resistance was found to change dramatically in the temperature range
from 4.2 K to 25 K, as highlighted in the inset of Figure 3.14b; the resistance at
temperatures between 25 K and 300 K shows no obvious change. The I-V curve of the
sample at room temperature is linear as shown in Figure 3.14c, and the resistance is ~641
Ohm, which corresponds to a conductivity of 294 S/cm, ~30 times higher than that of the
thermally reduced GO fiber (10 S/cm) assembled by hydrothermal fabrication.18 The
higher conductivity of our fiber further confirms that fiber alignment plays an important
role in determining its electrical conductivity. As the temperature decreases, the
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resistance (in the linear I-V curve region) increases drastically to ~75 kOhm at 4.2 K,
which corresponds to a conductivity of 2.6 S/cm. Also at 4.2 K, the I-V curve becomes
nonlinear (Figure 3.14d).

Figure 3.14. Electrical characterizations of 1000 °C thermally reduced GO fiber. (a)
SEM image of 1000 °C thermally reduced GO fiber made from SFGO with 1.27
draw ratio; scale bar 20 µm. (b) Normalized resistance as a function of temperature;
inset is the highlight of low temperature range from 5 K to 25 K. (c) I-V curve at 300
K; black dots are the original data, red line is the linear fitting. (d) IV curve at 4.2 K;
black dots are the original data, red line is fitting according to VRH.
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We explain this rapid increase in resistance with decreasing temperature in terms
of variable range hopping (VRH). Hopping conduction can take place either within a
single graphene layer, where electrons are localized by impurities or grain boundaries, or
between two graphene layers, where imperfect packing introduces physical gaps.
According to the theory of VRH, the R(T) curve should follow Rj = Rh exp(T0/T)γ where
T0 is the characteristic temperature, Rh is the saturation resistance, and γ depends on the
density of states and the dimension of the sample.33 The I-V curve at low temperature
should follow I/V = G(E,T) = G(0,T) exp(eVl/kBTd), where G(0,T) is the low field (E)
conductance, d is the length of the sample, and l is the hopping length.33 Fitting our data
to the above two equations yields γ = 0.636 and l = 0.59 µm. The large value of l
indicates that the available hopping paths for electrons are relatively few at low
temperature. A similar phenomenon has been observed in conductive polymers.34
In conclusion, 7 wt% high concentration SFGO was successfully dispersed in
water and forms a liquid crystal phase. For the first time, high concentration SFGO liquid
crystals were spun into continuous fibers with efficient and stable drawing, yielding
highly aligned fibers with a record modulus of 47 GPa. This material could pave the way
to improve the performance of carbon fiber. Fibers spun from LFGO without drawing
show high flexibility with unconventional 100% knot efficiency, which has never been
attained for polymer based fibers.

	
  

77	
  

	
  

3.3. Experimental Section

3.3.1. Materials and sample preparations

SFGO and LFGO were synthesized using the previously reported methods21. The
starting materials for both were graphite flakes (Sigma-Aldrich cat#332461, ~150 µm
flake). The different sizes of the resulting GO are due to the oxidation time, 48 h for
SFGO and 12 h for LFGO. To make a 7 wt% dope, 700 mg SFGO and 9.3 g DI water
was added into a 20 mL glass vial, and the mixture was shear mixed for 30 min using a
speed mixer (FlackTek, Inc. Model: DAC 150.1 FVZ-K) at 3500 rpm. The mixed sample
becomes very viscous. The mixed dope was then loaded into a spinning chamber;
afterwards the dope was pushed through a 325 mesh (40 µm) filter that was connected to
another chamber. The filtered dope in the second chamber was used for spinning.

3.3.2. GO fiber spinning process

SFGO fibers were extruded into the coagulation bath with an extrusion rate of 0.1
mL/min (1.1 m/min). The orifice was a capillary 175 µm in diameter. The collecting
drum speed could be adjusted according to the drawing ratio.

3.3.3. Heat treatment

SFGO fibers were fixed onto a quartz boat with graphite paste. The heating
apparatus was purged with argon for 10 min at a flow rate of 1000 standard cubic
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centimeters per minute (SCCM) prior to heating. The samples were heated from room
temperature to 1000 °C at a heating rate of 5 °C/min with purging argon and hydrogen
(20:1 v/v) at 1050 SCCM.

3.3.4.Mechanical testing

Mechanical testing was done with 0.03 N/min tension rate and 20 mm gauge
length. The strain rate has a negligible effect on the fiber’s mechanical properties (Figure
S9). The cross section area of the fiber was measured from the fracture surface by SEM.
The weight of these fibers was determined using a Citizen scale (Model CM 21X) with
accurancy to 1 µg. A preload of 3 mN was applied before each test.

Figure 3.15. The specific stress-strain curves of GO fibers (1.45 draw ratio) at
different strain rates. The three different strain rates we tried are 10-3, 10-5 and 10-6
s-1, respectively. The results showed that the strain rates have negligible effect on the
specific stress and ultimate strain, which is quite similar with carbon fibers since
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they share similar graphitic structures.35 However, this is different from the carbon
nanotube fibers, which has a strain rate strengthening effect on its mechanical
properties.36

3.3.5. Electrical measurement

The temperature-dependent DC electrical resistance was measured by 4-terminal
sensing. The terminals were made by gluing a gold wire to the graphene fiber by
conductive silver paste.The length between each terminal was about 10 mm. Samples
were assembled onto a cooling stage to slowly cool to 4.2 K while its resistance was
measured within its Ohmic resistance range by a 3-point delta measurement with a
Keithley 2400 source meter.
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Chapter 4
Coal as Abundant Source for Making
Graphene Quantum Dots
This chapter was entirely copied from reference 1.

4.1. Introduction

Coal is the most affordable energy resource currently being isolated (Table 4.1)
and consumed (Table 4.2) worldwide.2 The structure of coal is complex;3,4,5,6 the
simplified composition contains angstrom or nanometer-sized crystalline carbon domains
with defects that are linked by aliphatic amorphous carbon.7 Although research on the
chemistry of coal has been reported,8,9,10,11 the angstrom- and nano-scale crystalline
domains of coal are implied to impede their further use in electrical, mechanical and
optical applications. Consequently, coal is still mainly used as an energy source, in
contrast to crystalline carbon allotropes such as fullerenes, graphene, graphite and
diamond that have found applications in electronic, physics, chemistry, and
biology.12,13,14
Graphene quantum dots (GQDs) have been synthesized or fabricated from various
carbon-based

materials

including

fullerene,15

glucose,16

graphite

or

graphene

oxides,17,18,19,20,21,22,23,24,25 carbon nanotubes (CNTs)26 and carbon fibers.27 Physical
approaches such as lithography,28 which etch the size of graphene to ca. 20 nm in width,
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are expensive and are impractical for the production of bulk quantities of material.
Hydrothermal17,18 and electrochemical26,29 routes provide a facile approach to the
synthesis of GQDs, while the precursor such as fullerene, graphite, CNTs and carbon
fibers, have relatively higher prices.

Table 4.1. The world’s three major regions for coal production and consumption30

Table 4.2. Recent coal prices in North America31
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4.2. Results

In this work, we used an inexpensive facile one-step wet-chemistry route to
fabricate GQDs from three types of coal: anthracite (“a”), bituminous coal (“b”) and coke
(“c”) (Materials and Methods). Figure 4.1a illustrates the macro-scale image and
simplified nanostructure of coal before any heat treatment. The crystalline domains are
connected by aliphatic amorphous carbon chains. Scanning electron microscopy (SEM)
shows that ground bituminous coal (Figure 4.1b) and anthracite (Figure 4.2a) have
irregular size and shape distributions, but coke (Figure 4.2b) has a regular spherical shape.
The chemical compositions of the coals were investigated by X-ray photoelectron
spectroscopy (XPS) and are summarized in Figure 4.3a-b, and Table 4.3. The C1s high
resolution XPS reveals that bituminous coal has more carbon oxidation than does
anthracite and coke. The solid state Fourier transform infrared (ssFTIR) spectra (Figure
4.3c) are consistent with the XPS results, showing the presence of C–O, C=O, H–Csp3 and
O–H vibration modes for bituminous coal; a C–O vibration mode was apparent for
anthracite but not for coke which is obtained from devolatilization and carbonization of
tars and pitches.29 The Raman spectra (Figure 4.3d) of anthracite and coke show D, G, 2D
and 2G peaks, while no apparent 2D and 2G peak is observed for bituminous coal. It is
therefore seen that anthracite and coke contain certain amount of graphite-like stacking
domains, while bituminous coal has a higher proportion of aliphatic carbon and smaller
polyaromatic domains.
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Figure 4.1. b-GQDs synthesis and characterization. (a) Macro-scale image and
simplified illustrative nanostructure of bituminous coal. (b) SEM image of ground
bituminous coal with sizes ranging from 1 to hundreds of microns in diameter. (c)
Schematic illustration of the synthesis of b-GQDs. Oxygenated sites are shown in
red. The scale bar is 50 µm. (d) TEM image of b-GQDs showing a regular size and
shape distribution. The scale bar is 20 nm.(e) HRTEM image of representative bGQDs from d; the inset is the 2D FFT image that shows the crystalline hexagonal
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structure of these quantum dots. The scale bar is 2 nm.(f) AFM image of b-GQDs
showing height of 1.5 to 3 nm. The scale bar is 100 nm.

Figure 4.2. SEM characterization of coals. (a) SEM image of anthracite showing the
irregular size and shape distribution ranging from 1 to hundreds of micron in
diameter. The scale bar is 1 µm. (b) SEM image of coke showing normal spherical
shape with ca. 110 µm in diameter. The scale bar is 300 µm.
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Figure 4.3. Characterization of coals. (a) XPS survey of coals. The analyses indicate
that anthracite has more Al and Si content than bituminous coal and coke. (b) High
resolution C1s XPS spectra of coals where the 284.4 eV peak is assigned to C=C is
double bonds. (c) ssFTIR spectra of bituminous coal showing C–O, C=C, C=O, H–
Csp3 and O–H vibration modes at ca.1000, 1600, 1700, 2922 and 3360 cm-1 as labeled,
respectively; weak C=C and C–O vabration modes for coke and anthracite. (d)
Raman spectra of coals. D, G, 2D and 2G peaks are labeled at ca. 1337, 1596, 2659
and 2913 cm-1, respectively.

Table 4.3. Summary of atomic concentrations of coals by XPS analysis
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Figure 4.4. Characterization of b-GQDs. (a) The b-GQDs size distribution histogram
showing of 2.96 ± 0.96 nm. (b)TEM image of a non-fully cut larger size b-GQD
showing different nanometer-sized crystalline domains as highlighted by the circles.
Inset FFT pattern shows the crystalline hexagonal structure of the highlighted
domains. The scale bar is 10 nm.(c) AFM height profile of b-GQDs.

As depicted in Figure 4.1c, the GQDs derived from bituminous coal were
obtained by sonicating the bituminous coal in concentrated sulfuric acid and nitric acid,
followed by heat treatment at 100 or 120 °C for 24 h (Methods Summary). The
microstructure of 100 °C-derived bituminous coal GQDs (b-GQDs) was investigated by
transmission electron microscopy (TEM), and Figure 4.1d shows the b-GQDs with
uniformly distributed sizes and shapes that are 2.96 ± 0.96 nm in diameter (Figure 4.4a).
The fast Fourier transform (FFT) pattern of representative b-GQDs is inset in the
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corresponding high resolution TEM (HRTEM) image (Figure 4.1e). The observed
hexagonal lattice in the FFT images reveals that the b-GQDs are crystalline hexagonal
structures. Interestingly, we also observed a few larger dots (> 20 nm) that were not fully
cut, and we can see many crystalline domains within the dots that are linked by
amorphous carbon (Figure 4.4b); this supports the proposed micro-structure of coal.3 An
atomic force microscopy (AFM) image of the b-GQDs reveals that their heights are 1.5 to
3 nm (Figure 4.1f and Figure 4.4c), suggesting that there are 2 to 4 layers of graphene
oxide-like structures.
As expected, the integrated intensity ratios of amorphous D bands to crystalline G
bands (ID/IG) for bituminous coal is 1.06 ± 0.12, which increased to 1.55 ± 0.19 after
oxidative cutting into b-GQDs (Figure 4.5a), owing to the introduction of defects to the
basal planes and the edges. The b-GQDs show high solubility in water (> 15 mg/mL),
which is attributed to the introduction of hydrophilic functionalities. This is verified by
the high resolution C1s XPS (Figure 4.5b) where a new shoulder at 288.3 eV is present,
corresponding to the carboxyl groups. The functionalization is also confirmed by the
increased intensity of C–O, C=O and O–H vibration modes in the ssFTIR spectrum
(Figure 4.5c).
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Figure 4.5. Characterizations of b-GQDs. (a) Raman spectrum. (b) High resolution
C1s XPS; a new peak corresponding to COOH appears at 288.3 eV. (c) ssFTIR
spectrum showing different vibration modes as labeled.

Figure 4.6. TEM characterization of b-GQDs*. (a) The TEM image. The size is ca.
2.0 to 2.5 nm. A few outliers, which were not fully cut, have sizes larger than 4.5 nm.
The scale bar is 10 nm.(b) The size distribution histogram.

The size of b-GQDs can be tuned by varying the oxidation cutting temperature.
GQDs from bituminous coal produced at 120 °C (b-GQDs*) were characterized by TEM
(Figure 4.6a). The size and shape of b-GQDs* are normally distributed with an average
diameter of 2.30 ± 0.78 nm (Figure 4.6b).
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Figure 4.7. Experimental comparison. (a) The left beaker contains bituminous coal
oxidized at 100 °C with sulfuric and nitric acids for 24 h. The right beaker is
graphite treated under the same conditions. (b) SEM image of treated graphite from
a. The scale bar is 2 mm. (c) High resolution SEM image of b. The scale bar is 100
µm.(d) TEM image of GQDs synthesized by treating bituminous coal with
KMnO4/H2SO4/H3PO4 33. The scale bar is 50 nm.

To show the advantage of coal over pure sp2-carbon large flake graphite structures
for synthesizing GQDs, we treated graphite (Sigma-Aldrich, ca. 150 µm flakes) under the
same oxidative reaction conditions that we used for bituminous coal. The solution of
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bituminous coal after the oxidation reaction was clear with little sediment at the bottom
of the beaker, while the graphite reaction product contains large amounts of black
graphite flakes (Figure 4.7a). After filtration and washing of the graphite-derived mixture
with aqueous and organic solvents, the collected dried graphite flakes represent 95% w/w
of starting material. The SEM images of these treated graphite flakes (Figure 4.7b-c)
show that they retain their original size and structure with flakes > 100 µm. This is
because the large graphite structure usually requires stronger oxidative reaction
conditions, such as KMnO4 with H3PO4 and H2SO4 that were used for synthesizing
graphene oxide.33 The disordered configuration and small crystalline domains that are
inherent in coal confer advantages over graphite such as in easy dispersion, exfoliation,
functionalization and chemical cutting. Indeed, the stronger KMnO4/H3PO4/H2SO4
conditions can afford GQDs from coal as shown in Figure 4.7d, but the workup is more
laborious to remove the manganese salts.Preliminarily, when using fuming sulfuric acid
and fuming nitric acid, higher degrees of exfoliation and oxidation of the final GQDs was
attained.
GQDs were also synthesized from coke and anthracite using the same method that
was used for bituminous coal. GQDs from coke (c-GQDs) and anthracite (a-GQDs) were
characterized using the same analytical techniques as used with b-GQDs. The TEM
image of c-GQDs (Figure 4.8a) shows a uniform size of 5.8 ± 1.7 nm (Figure 4.9a). More
interestingly, the a-GQDs were in a stacked structure with a small round layer atop a
larger thinner layer (Figure 2b). The stacked structure was further confirmed by AFM
(Figure 4.9b-c). The height profile shows several areas with two adjacent peaks in which
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the higher peak is 1 to 2 layers higher than the base layer. The average diameter of the
larger stacks of a-GQDs is 29 ± 11 nm (Figure 4.9d).

Figure 4.8. TEM images of c-GQDs and a-GQDs. (a) TEM image of c-GQDs
showing the consistent round shape and size distribution of 5.8 ± 1.7 nm. The scale
bar is 100 nm. (b) TEM image of a-GQDs showing stacking layer structures. The
scale bar is 100 nm. (c) HRTEM image of c-GQD. Insets are FFT patterns of the
highlighted areas. The scale bar is 10 nm.(d) HRTEM image of a-GQD. Insets are
the FFT patterns of high and low layered structure. They both show crystalline
hexagonal patterns. The scale bar is 10 nm.
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Figure 4.9. Characterization of c-GQDs and a-GQDs. (a) Size distribution of cGQDs. (b) AFM image of a-GQDs. The scale bar is 100 nm.(c) Height profile from B.
(d) Size distribution of a-GQDs.
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Figure 4.10. Further characterization of c-GQDs and a-GQDs. (a) Raman spectra
showing that the 2D and 2G peaks disappeared due to the oxidation. (b) High
resolution C1s XPS of c-GQDs and a-GQDs show new shoulders at 288.3 eV
corresponding to the carboxyl groups. (c) ssFTIR spectra of c-GQDs and a-GQDs
showing C–O, C=O and O–H vibration modes.

Table 4.4. Summary of ID/IG for coals and corresponding GQDs

HRTEM images of c-GQD and a-GQD with the corresponding FFT pattern inset
both show crystalline hexagonal structures (Figure 4.8c-d). Both c-GQDs and a-GQDs
show high solubility in water and their Raman, XPS, and ssFTIR spectra (Figure 4.10a-c)
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are similar to those of b-GQD. The ID/IG ratios of the coal and corresponding GQDs are
summarized in Table 4.4. Oxidative (in air) and non-oxidative (in argon) thermal
gravimetric analysis (TGA) were performed on the GQDs (Figure 4.11). GQDs tested in
air tended to have higher weight loss and were less stable than those tested in argon using
the same temperature program. The difference in weight loss of the GQDs is attributed to
their different oxidation levels.

Figure 4.11. TGA characterizations of GQDs in air and argon (Ar). (a) a-GQDs. (b)
b-GQDs. (c) c-GQDs.

Table 4.5. Water content in GQDs samples

The water content of GQDs is summarized in Table 4.5.In terms of size and shape,
b-GQDs are smaller and more uniform than c-GQDs and a-GQDs, which likely
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originates from the different intrinsic morphologies of the starting coals. The yields of
isolated GQDs from these three coals are 10 to 20 wt% (noting that oxidation has
increased the weight of the final structures).

4.3. Discussion

The photophysical properties of the GQDs were investigated by ultraviolet-visible
(UV) spectroscopy, photoluminescence (PL) spectroscopy and time-correlated singlephoton counting spectroscopy. Figure 4.12a shows the PL emission spectra of a-GQDs,
b-GQDs* and c-GQDs excited at 345 nm; the corresponding UV absorption is depicted
in Figure 4.13a. The emission maxima of a-GQDs, c-GQDs and b-GQDs*solutions are at
530 nm, 480 nm and 450 nm, corresponding to the orange-yellow, green and blue
fluorescence, respectively, shown in the inset photograph of Figure 4.12a. The PL
mechanism of GQDs is affected by their size, zigzag edge sites and the defects effect.25
We note that the PL intensities follows the trend of a-GQDs > c-GQDs > b-GQDs*, the
same trend as their sizes and Raman ID/IG values. This is consistent with other work
showing that larger GQDs with higher defects usually give enhanced PL intensity.24 The
quantum confinement effect is a major property of quantum dots that has a size
dependent effect on their PL properties; smaller quantum dots usually lead to a blueshifted emission.25 To confirm the quantum confinement effect, we plotted the PL
emission wavelength vs. the size of the dots, as shown in Figure 4.12b. When the size of
the dots changed from 2.96 nm (b-GQDs) to 2.30 nm (b-GQDs*), the emission
wavelength blue shifted from 500 nm to 460 nm; this suggests that these carbon dots are
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quantum dots. Though the data strongly supports that these carbon nanoparticles are
indeed quantum dots, there remains a possibility that they do not have completely
localized electronic states. Hence, further work on carbon nanoparticle optical properties
is warranted.

Figure 4.12. Photophysical characterizations of GQDs. (a) PL emission of GQDs
excited at 345 nm. Inset is the photograph showing fluorescence of yellow (a-GQDs),
green (c-GQDs) and blue (b-GQDs*). The concentration of these GQDs solutions
was 80 mg/L and the pH was ~ 6. (b) PL emission wavelength vs. the size of the
GQDs, smaller GQDs lead to blue shift. (c) PL emission spectrum of b-GQDs
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excited at 345 nm from pH 3 to 10. The red arrow shows the red shift of emission
with change of pH from 6 to 3 and the blue arrow shows the blue shift of emission
from pH 7 to 10. (d) Excitation and emission contour map of b-GQDs at pH 3 (top),
pH 7 (middle) and pH 11 (bottom).

Figure 4.13. Photophysical characterizations of GQDs. (a) UV absorptions of three
types of GQDs, showing absorbance of ca. 0.13 at 345 nm. (b) Jablonski diagram
obtained from Figure 4.12c. A denotes absorption; F is fluorescence; S is singlet
state; IC is internal conversion; nonag is non-aggregated state; ag is aggregated
state; a, n, b signify acidic, neutral and basic, respectively. (c) PL intensity of bGQDs at different concentrations. 1 is the starting solution with a concentration of 3
mg/mL; 2 signifies that the concentration of the starting solution has been diluted 2
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times, to make the concentration 1.5 mg/mL. The remaining concentrations follow
in the same manner. The pH of the solutions was 6. (d) Summary of peak intensity
and relative quantum yield with respect to the dilution factors. The peak intensity
was fitted to y = 1 / (0.68 + 0.28x); R2 = 0.97. The normalized quantum yield was
fitted to y = (1.33-x)/(1-x); R2 = 0.90.

PL emission was found to be pH-dependent. A gradient PL intensity change of bGQDs with pH is shown in Figure 4.12c. The intensity maximizes at pH 6 and 7. A red
shift from 500 nm to 550 nm with decreasing intensity was observed as the pH changed
from 6 to 3. When the pH increased from 7 to 10, the PL intensity decreased and blue
shifted to 450 nm. Figure 4.12d reveals the excitation-emission contour maps of b-GQDs
in buffered solutions of NaOAc/HOAc (pH 3), NaH2PO4/NaOH (pH 7) and
NaHCO3/NaOH (pH 11). The Stokes shift obtained from excitation/emission peaks in the
contour map was ca. 110 nm, attributed to the regular distribution of GQDs. In acid and
neutral pH environments, the excitation wavelength maximizes at 380 to 400 nm, while
in alkaline solution, a new peak of PL excitation (PLE) appears at 310 to 345 nm. It is
suspected that the excitation band from 380 to 400 nm corresponds to the excitation of an
aggregated state and the band at 310 to 345 nm corresponds to the non-aggregated state.
The deprotonation of carboxyl groups of GQDs in alkaline solution increases the
electrostatic repulsions between them, overcoming the trend of aggregation through
layer-layer stacking.34 The aggregation in acid/neutral solution, however, reduces the
band gap and consequently a red-shift excitation is observed. The corresponding
Jablonski diagram based on the contour map is depicted in Figure 4.13b. A 0.66 eV
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difference in absorption is observed between the non-aggregated and aggregated states,
which leads to different emission energy gaps. A photon screening effect is also seen in
the contour maps showing that the emission wavelength of b-GQDs is excitationindependent. At the same pH environment, no apparent PL emission peak shift is
observed when b-GQDs are excited from 300 to 400 nm, which is different from other
reported GQDs.19,28,35 This is thought to be due to the more uniform size of the
synthesized b-GQDs.

Figure 4.14. The time-resolved photoluminescence decay profiles of b-GQDs. (a) pH
3. (b) pH 7. (c) pH 11. (d) Photobleaching properties of a-GQDs, c-GQDs, b-GQDs
and fluorescein.
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The PL intensity of GQDs decreased while the quantum yield (QY) increased as
the solution was gradually diluted with DI water from a concentration of 3 mg/mL while
keeping the pH constant at 6 (Figure 4.13c). A slight blue shift of the PL intensity
maximum was observed when the solutions were diluted, attributed to the lower
aggregation of GQDs within the diluted solutions, thus affording higher band gaps. The
relative QYs of different concentrations are summarized in Figure 4.13d. The lower QY
at higher GQDs concentration may be attributed to the aggregation quenching effect36
from stacking of polyaromatic structures.

Table 4.6. Lifetime calculations from the time-resolved decay profiles of b-GQDs

The time-resolved photoluminescence decay profiles of b-GQD at pH 3, 7 and 11
are shown in Figure 4.14a-c, and the corresponding lifetimes, calculated by fitting to
exponential functions using iterative reconvolution, are summarized in Table 4.6. The
observed τ1 (< 0.5 ns) at pH 3 and 7 is thought to be due to the photoluminescence decay
of the aggregated state, which is not present in alkaline solution. For pH 7, the lifetime of
τ3 (> 3 ns) is longer, which accounts for the higher PL emission at neutral pH as shown in
Figure 4.12c. The photostability of the GQDs was tested and is shown in Figure 4.14d.
No rapid photobleaching was observed from any of the three GQDs within 2 h; this is far
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more stable than in the comparison experiment using fluorescein. This stability will
render these GQDs good for many applications in which organic and small molecule
fluorophores cannot serve due to the latter’s rapid photobleaching.
In conclusion, we have developed a facile approach to prepare different
nanometer-sized graphene quantum dots from various coals and established that the
unique structure of coal is advantageous for making GQDs. The reduction products of
GQDs remain to be studied as well as their insertions into optical, electronic and
structural composite materials.This discovery could lead to new developments in coal
chemistries.

4.4. Materials and Methods

4.4.1. Materials.

Anthracite (Fisher Scientific, Cat. No. S98806), bituminous coal (Fisher Scientific,
Cat. No. S98809), coke (M-I SWACO, Product Name: C-SEAL), graphite (SigmaAldrich, Cat. No. 332461, ca. 150 µm flakes), H2SO4 (95%-98%, Sigma-Aldrich), HNO3
(70%, Sigma-Aldrich), H3PO4 (≥85%, Sigma-Aldrich), KMnO4 (Sigma-Aldrich) were
used as received unless otherwise noted. Polytetrafluoroethlyene (PTFE) membranes
(Sartorius, Lot No. 11806-47-N) and dialysis bags (Membrane Filtration Products, Inc.
Product No. 1-0150-45) were used to purify the graphene quantum dots (GQDs). Mica
discs (product #50) were purchased from Ted Pella, Inc.
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4.4.2. Synthesis of GQDs from coal.

In a typical procedure, 300 mg of coal was suspended in concentrated sulfuric
acid (60 mL) and nitric acid (20 mL), and followed by cup sonication (Cole Parmer,
model 08849−00) for 2 h. The reaction was then stirred and heated in an oil bath at 100
°C or 120 °C for 24 h. The solution was cooled to room temperature and poured into a
beaker containing 100 mL ice, followed by adding NaOH (3 M) until the pH was 7. The
neutral mixture was then filtered through a 0.45 µm polytetrafluoroethylene (PTFE)
membrane and the filtrate was dialyzed in 1000-Da dialysis bag for 5 d.

4.4.3. Sample characterizations.

SEM was performed on a FEI Quanta 400 high resolution field emission, 5 nm
Au was sputtered (Denton Desk V Sputter system) on the coal surface before imaging.
The TEM and HRTEM images were taken using a 2100F field emission gun TEM with
GQDs directly transferred onto a C-flat TEM grid. The AFM images were obtained on a
Digital Instrument Nanoscope IIIA. The GQDs aqueous solutions were spin-coated (3000
rpm) onto a freshly cleaved mica substrate and dried at room temperature before imaging.
XPS spectra were measured on a PHI Quantera SXM scanning X-ray microprobe with a
45° takeoff angle and 100  µm beam size; the pass energy for surveys was 140 eV, and 26
eV for high resolution scans. Raman microscopy was performed with a Renishaw Raman
microscope using 514-nm laser excitation at room temperature. TGA (Q50, TA
Instruments) was carried out from 100 °C to 800 °C at 5 °C/min under argon; the water
content was calculated from the weight loss from room temperature to 100 °C. UV-
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Visible spectra were recorded on a Shimadzu UV-2450 UV-Vis spectrophotometer.
Steady state photoluminescence spectra were obtained in a HORIBA JovinYvon
Fluorolog 3, with excitation at 370 nm. Time-resolved studies were performed using an
Edinburgh Instruments OD470 single-photon counting spectrometer with a high-speed
red detector, and using a 370 nm picosecond pulse diode laser. For the photostability test
the quantum dots were illuminated with a Mightex 365 nm LED with 400 mW maximum
power and 11 mm aperture.

4.4.4. Relative quantum yield calculation.37

Фi = Фr {Ii (1- 10-Ar) ni2} / {Ir (1- 10-Ai) nr2}, Where Фi is the relative quantum
yield with respect to the reference. Фr =1, which is the normalized quantum yield of
reference; in this work 0.125 mg/mL b-GQDs aqueous solution was used as the reference.
The integrated intensities (area) of sample and reference are Ii and Ir, respectively; Ai and
Ar are the absorbance, ni and nr are the refractive indices of the samples and reference
solution, respectively.

4.4.5. Energy gap calculation.

E = hc/λ, where h is the Planck constant; c is the speed of light; λ is the
wavelength of absorption or emission.
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Chapter 5
Functionalized Low Defect Graphene
Nanoribbons and Polyurethane Composite
Film for Improved Gas Barrier and
Mechanical Performances
This chapter was entirely copied from reference 1.

5.1. Introduction

Graphene, the two dimensional atomically thin carbon framework, is an
impermeable material,2 in addition to its possessing intriguing electrical, mechanical and
thermal properties.3-5 Graphene can be either derived from a top-down method such as
mechanical exfoliation,6 or from bottom-up chemical vapor deposition methods.7-9
However, neither of the two approaches have yet been scaled to large quantities as
needed for composite applications. Graphene oxide (GO), synthesized by oxidation of
graphite,10 could be used as a substitute for graphene due to its similar, though more
highly oxidized structure, and its affordability and potential for synthesis on a larger scale.
Pure GO and its composite films have been shown to have improved gas barrier
properties.11-16 However, the structure of GO includes many defects and holes that allow
gas permeation. Furthermore, GO is unstable to water and it slowly degrades to small
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humic acid structures while generating acid.17 Therefore, GO is not impermeable like
graphene.
The concept of adding impermeable fillers into a polymer matrix is to create
tortuous paths for the gas molecules that are attempting to travel through the film.18 Most
work to date has focused upon the filler’s aspect ratio or configuration within the polymer
matrix affects gas barrier properties.13,19 Graphene nanoribbons (GNRs) might be
preferred gas barriers in composites since they, unlike GO, are stable to water, and they
can be edge-funtionalized to improve processibility without sacrificing the integrity of
the basal planes.
In this work, we used hexadecylated GNRs (HD-GNRs) produced from in situ
intercalation of Na/K alloy into multiwalled carbon nanotubes (MWCNTS), followed by
quenching with 1-iodohexadecane.20 The hexadecyl groups on the edges make the
ribbons easily dispersed in organic solvents. The resulting, somewhat foliated HD-GNRs
render the composite to be highly impermeable to gases.
Thermoplastic polyurethane (TPU) was the polymer matrix selected for the
composites. TPU is comprised of linear block copolymers and is commonly used for
coatings, adhesives, composites and biomedical applications.21-23 It is synthesized from
alternating hard and soft segments formed by the reaction of diisocyanates with diols.24
The soft segments are composed of long chain polyester and polyether diols and the hard
segments consist of diisocyanates and short chain extender molecules.

5.2. Results and Discussions
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Figure 5.1. Characterizations of GO, GNRs and HD-GNRs. Chemical structure of
(a) GO; (b) GNRs; (c) HD-GNRs; (d) Raman spectra of GO and HD-GNRs; (e)
Dispersion study of GNRs (left) and HD-GNRs (right) in chloroform (1 mg/mL).

The structures of GO, GNRs and HD-GNRs are shown in Figure 5.1a-c. Due to
the chemical exfoliation methods for producing GO, it has a variety of oxygen
functional groups and physical defects in the basal plane that can result in unwanted gas
diffusion. For GNRs, the graphitic structures are mainly preserved with a low
concentration of defects. However, the problem with using GNRs as nanocomposite
fillers is their poor dispersion in organic solvents.25 To address these issues, HD-GNRs
were synthesized (the hexadecyl aliphatic chains are orange in Figure 5.1c). HD-GNRs
have preserved graphitic domains with lower defect concentration than GO, as was
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confirmed by Raman spectroscopy (Figure 5.1d). The G/D ratio of HD-GNRs is much
higher than that in GO. In addition, the 2D peak of HD-GNRs was quite obvious,
indicating good graphitic structure; but no 2D peak was observed in GO due to the
defects and heavy oxidation of its basal plane. The solubility of GNRs and HD-GNRs in
chloroform was tested and is shown in Figure 5.1e. The mixtures were the same
concentration (1 mg/mL) and were sonicated for 5 min. The GNRs started to precipitate
after 10 min while the HD-GNRs were solution stable for 2 d.
As noted, the HD-GNRs were derived from MWCNTs. Scanning electron microscopy
(SEM) images of MWCNTs and HD-GNRs are shown in Figure 5.2a,b. The flattened
ribbon structures are 200 to 300 nm in width, a dramatic change from the MWCNTs (80
nm).Atomic force microscopy (AFM) measurement (Figure 5.2c) indicates the thickness
of the HD-GNRs was 36 nm, showing that they remain foliated, as we have seen in the
past.20A transmission electron microscopy (TEM) image of the HD-GNRs is shown in
Figure 5.2d. The density of HD-GNRs is 2.143 g/cm3.
The composite films were made by solution casting (see Materials and Methods for full
procedure). Figure 5.3a is a cross sectional SEM image of a TPU/5 wt% HD-GNRs
composite film after sputtering 5-nm-thick gold on its surface for imaging. Figure 5.3b is
a high resolution image of the same sample showing that the HD-GNRs are welldistributed within the TPU matrix. SEM images of TPU composite films at other HDGNRs concentrations are shown in Figure 5.4.
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Figure 5.2. Characterization of MWCNTs and HD-GNRs. (a) SEM image of
MWCNTs; (b) SEM image of HD-GNRs; (c) AFM image of HD-GNRs, the inset
height profile indicates the vertical distance was 36 nm; (d) TEM image of stacked
HD-GNRs on a copper grid.
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Figure 5.3. SEM characterizations of the composite film. (a) SEM image of a cross
section of TPU/5 wt% HD-GNRs film after cutting with a razor blade. (b) High
resolution image of (a).

Figure 5.4. SEM images of TPU/HD-GNRs composite films with HD-GNRs at
different filler concentrations. (a) 0 wt%; (b) 0.05 wt%; (c) 0.2 wt%; (d) 0.5 wt%; (e)
1 wt%; (f) 2 wt%; (g) 3 wt%; (h) 5 wt%; all scale bars are 10 µm.
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Figure 5.5. FTIR and TGA characterizations of the composite films. (a) FTIR
spectra of TPU and TPU/HD-GNRs composite films. (b) TGA measurements of HDGNRs and TPU/HD-GNRs composite films. TPU with 2 and 3 wt% HD-GNRs were
eliminated from the figure since they almost overlapped with 1 and 5 wt% curves,
thereby complicating the plot.

Adding nanoparticles to the TPU matrix can cause a phase separation of the hard
and soft segments of the polymer due to the interdomain interface and related free energy
and entropy changes.26This has been observed by others by their adding nanoclays,27
carbon nanotubes28 and GO to TPU.13 Phase separation was also detected in this work.
The most common method for characterization of TPU phase separation is by Fouriertransform infrared (FTIR) spectroscopy to observe the C=O stretching within the hard
segments of TPU. These C=O can either form hydrogen bonds with the N-H groups in
the hard segments or be non-hydrogen bond. The more hydrogen bonding, the higher the
level of phase separation of the TPU. In the FTIR spectrum, the hydrogen bonded C=O
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appears at 1697 cm-1 while the free C=O stretching peaks at 1714 cm-1. FTIR spectra of a
TPU control and the composite samples are shown in Figure 5.5a.As the concentration of
HD-GNRs increased, the intensity ratio of hydrogen bonded C=O to free C=O increased,
indicating the occurrence of phase separation.
Thermal

stabilities

of

these

composite

films

were

characterized

by

thermogravimetric analysis (TGA). Interestingly, the thermal stability of TPU decreased
while being heated from 250 to 340 ˚C and then increased from 340 to 500 ˚C. The
decrease in thermal stability in the first temperature range may come from the thermal
decomposition of HD-GNRs functional groups.20 The HD-GNRs control sample suffered
a dramatic weight loss that started at 150 ˚C, and reached equilibrium after 300 ˚C.
Another reason for the weight loss may be due to phase separation. The decomposition of
TPU has two stages: the hard segment decomposes in the first stage and the soft segment
decomposes in the second stage.29,

30

When these two segments are mixed, the soft

segment will have an inhibiting effect on the hard segment. However, phase separation
isolates the segments and reduces the inhibiting effect, thus the thermal degradation
increases as the phase separation increases in the early temperature range. In the second
temperature range, the thermal stability increased at higher phase separations due to the
lack of residual hard segments.
The mechanical properties of these composite films were characterized with static
tensile tests and dynamic mechanical analysis (DMA). The stress-strain curves of the
samples are shown in Figure 5.6a as a function of increasing HD-GNR weight fraction
with a maximum observed at 0.5 wt% HD-GNR. Higher HD-GNR concentrations
resulted in stress concentration, which led to a decrease in fracture stress. The tensile
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moduli of these samples are summarized in Figure 5.6b, and the reinforcing effects of
HD-GNRs on the modulus are similar to the stress level. The modulus increased and
peaked at 1 wt% HD-GNRs, and then gradually decreased upon further filler additions.
DMA testing was carried out from -100 to 100 °C, and the storage modulus with respect
to the temperature is shown in Figure 5.6c. The improved mechanical properties of the
composite films are attributed to a synergistic effect of both the incorporated HD-GNRs
and the phase separation; higher HD-GNRs concentration led to higher storage modulus.
Tan δ (loss modulus/storage modulus) peaks in Figure 5.6d deceases as more HD-GNRs
was added, which means that the presence of HD-GNRs within the TPU matrix lowers
damping capacity. In addition, the peaks at -60 to 50 °C are associated with the glass
transition temperature (Tg) of the soft phase of the TPU. In general, adding fillers to the
polymer matrix should shift Tg to higher temperatures because the filler would restrict
local polymer motions. However, the Tg of TPU was shifted to lower temperatures while
adding HD-GNRs in this work. This is because phase separation of TPU causes fewer
hard segments to be alongside soft segments, so that the motion of the soft segment
becomes easier. The hindering effect of hard segments plays a more important role than
that of HD-GNRs in determining Tg shift; this result has been observed in TPU/carbon
nanotube composites.28
The N2 gas permeability of the TPU/HD-GNR films was characterized by
measuring the time necessary for a known amount of gas at ambient conditions to diffuse
through the film into a dynamic vacuum < 3 × 10-3 mbar. The pressure drop was
measured by a gas-type independent capacitive manometer. The reported effective
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diffusivities represent the average of three independent experiments for each sample, and
the standard deviation was within ± 5%.

Figure 5.6. Mechanical characterizations of the composite films. (a) Stress-strain
curves of TPU and TPU/HD-GNRs composite films. (b) Summary of tensile moduli
of different samples. (c) Storage moduli of TPU and TPU/HD-GNRs composite films
as a function of temperature. (d) Damping factor (Tan δ) of TPU and TPU/HDGNRs composite films as a function of temperature.

The pressure drop curves of TPU and TPU/HD-GNRs composite films are shown
in Figure 5.7a. The exponential decay function p(t) = C + P0e
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–t/τ

was fitted to the

	
  
pressure drop curves, where p(t) is the measured pressure (mbar), C is a constant, P0 is
the initial pressure in the reservoir (mbar), t is the time (s) and τ is the time constant of
the pressure drop. The effective diffusivity Deff (m2/s) of the gases was calculated from
the time constant according to Deff = (Vu l) / (Aτ), where Vu (m3) is the volume of the gas
reservoir, l (m) is the thickness of the film and A (m2) is the area of the film.31

Figure 5.7. Nitrogen gas diffusivity measurements of the composite films. (a)
Pressure drop of TPU and TPU/HD-GNRs films with respect to time. (b) Pressure
drop of TPU/0.5 wt% HD-GNRs composite film over a longer time period.

For the TPU control sample, the total N2 in the gas reservoir permeates through
the film in about 100 s. When 0.1 wt% HD-GNRs was added, it took about 500 s for the
N2 to pass through. At 0.2 wt% HD-GNRs, the time increased to about 1000 s.
Interestingly, no pressure drop was detected when TPU/0.5 wt% HD-GNRs film was
tested over a period of 1000 s. This dramatic change was seen as an effect of the HDGNRs at a threshold concentration that provides very torturous paths for the N2 to travel.
This TPU/0.5 wt% HD-GNRs film became nearly impermeable”= because the pressure
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drop was undetectable over a short period of time under the conditions used. The pressure
drop of the same sample over a longer time is shown in Figure 5.7b, and a pressure
decrease to 875 mbar over 67000s was detected. Samples with HD-GNRs higher than 0.5
wt% were similarly impermeable to N2 under the applied experimental conditions. The
calculated Deff of these composites are summarized in Table 5.1; with 0.5 wt% HD-GNRs,
the Deff of the composite film was decreased by three orders of magnitude when
compared to pristine TPU film. Thereby its permeability was decreased by at least three
orders of magnitude (see 5.4.6 for more details), which is the best gas barrier material
shown in the literature, much better than that from phenyl isocyanate GO13 (80 ×
decrease at 3 wt%) and nanoclays32 (~14 × decrease at 28 wt%).

Table 5.1. Effective diffusivities of TPU and TPU/HD-GNRs films.

The extraordinary gas barrier performance of HD-GNRs is attributed to, first, the
low defect GNRs structure producing a highly impermeable material that increases the
barrier efficiency, which is the main difference from GO related materials that have more
defects. Second, the HD-GNRs have a good dispersion in organic solvents that led to the
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uniform distribution within the TPU matrix; this uniform distribution of HD-GNRs
creates a very tortuous path for gases to diffuse.
It is worth to mention that a monolayer, low-defect graphene sheet would be a
perfect candidate for this type of application since the aspect ratio (width/thickness) of
the fillers also plays a very important role in the gas barrier application. It has been well
known in the literature that higher aspect ratio fillers can create a more tortuous path for
the diffusion gas so as to decrease the gas permeability through the composite films.13,27
The room for improvement by using a low-defect, monolayer graphene is predicted and
given in Materials and Methods part.

5.3. Conclusions

HD-GNRs and TPU composite films were successfully made by solution casting,
with HD-GNRs uniformly distributed within the TPU matrix. The incorporation of HDGNRs produced TPU phase separation and enhanced the mechanical properties. The
composite films also demonstrate high gas barrier efficiencies at low loadings, a result
attributed to the structure of the low defect HD-GNRs and their uniform dispersion. HDGNRs are now being mass produced,33 and these structures should have impact in
commercial applications ranging from food packaging to natural gas storage in lightweight composite pressure tanks.
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5.4. Materials and Methods

5.4.1. Materials

Commercial biomedical grade aliphatic, polyether-based TPU (Tecoflex® EG
80A injection grade) was purchased from the Lubrizol Corporation (Ohio, USA).
MWCNTs were donated by Mitsui & Co. (lot no. 05072001K28). Chloroform was
purchased from Sigma-Aldrich. GO was synthesized through the improved Hummer’s
method.10

5.4.2. Solution casting of composite films

For gas permeation test samples, the total weight of the composite film was kept
at 2 g at the different HD-GNR concentrations, so the weight of TPU and HD-GNR can
be calculated accordingly. For a typical 0.1 wt% TPU/HDGNR composite film, HD-GNR
(2 mg) was added to chloroform (10 mL), followed by cup sonication (Cole Parmer,
model 08849−00) for 5 min. TPU (1.98 g) was added to the HD-GNR solution and the
mixture was stirred for 2 h to obtain a homogenous dispersion. The viscous solution was
then poured into a homemade cylindrical steel mold (diameter = 8 cm and depth = 12
mm), and the mold was placed in a fume hood at room temperature for 10 h to allow the
solvent to slowly evaporate. For mechanical testing samples, the total weight was
lowered to 1 g for easier testing.
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5.4.3. Mechanical testing

Tensile testing was carried out using an Instron Electropuls E3000. The cross
head strain rate was 100%/min. Dynamic mechanical analysis (DMA) was performed in a
TA Instruments Q800 series apparatus in film tension mode. Film samples were
rectangular, cut into dimensions of 15 mm x 3.5 mm x 0.08 mm. The temperature was
ramped from -100 to 100 °C at a rate of 2 °C/min, 1 Hz frequency and 1% strain in air.
The force track was set to 150% and the preload force at 0.01 N. Data was analyzed with
TA Instruments’ Universal Analysis 2000 software package.

5.4.4. Characterization methods

SEM was performed on a FEI Quanta 400 high resolution field emission SEM; 5
nm Au was sputtered (Denton Desk V Sputter system) on the film surface before imaging.
TEM images were taken using a 2100F field emission gun TEM with HD-GNR directly
transferred onto a copper TEM grid. AFM image was obtained on a Digital Instrument
Nanoscope IIIA AFM. Raman microscopy was performed with Renishaw Raman
microscope using 514-nm laser excitation at room temperature. FTIR was measured
using a Nicolet FTIR Infrared Microscope. TGA (Q50, TA Instruments) was carried out
from 100 °C to 500 °C at 10 °C/min under argon. The density of HD-GNRs was
calculated by using the weight of the HD-GNRs sample (0.1157 g) divided by the
measured volume (0.054 cm3), which is 2.143 g/cm3. Sievert-type apparatus was used to
measure the volume of the HD-GNRs sample after in-situ pretreatment at 100 ˚C under
vacuum condition.
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5.4.5. Gas Permeation testing

The measured diameter of the films was 14.45 mm. Membrane thickness was 190
micron. Gas reservoir volume was 129 cm3. The reported effective diffusivities represent
the average of three independent experiments for each sample.

5.4.6. Gas Permeability and Diffusivity

Gas permeability is usually used and reported for gas barrier characterizations.
However, we are only able to test gas diffusivity with our apparatus. P = DS where P is
the gas permeability, D is the gas diffusivity and S is the gas solubility. If the gas is nonreactive to the composite, as in our case, adding impermeable fillers into the polymer
matrix usually decreases S due to the loss of volume available for sorption.34,35,36 Thus the
decrease of P should be at least as low as the decrease of D.

5.4.7. Prediction of gas barrier property by using low defect, monolayer graphene

We introduce Cussler’s model for this prediction.37 Cussler’s method is defined as:
P/P0= (1-φ)/(1+(α/2)φ), where P and P0 are the gas permeability of the composite film
and the control film, respectively. φ is the volume fraction of the filler and α is the aspect
ratio (width/thickness). The aspect ratio of HD-GNRs is roughly around 7 (width 250
nm/thickness 36 nm) at this moment. If we can exfoliate the HD-GNRs into monolayer,
assuming it is around 1 nm thick, and then the aspect ratio would be around 250. Thus the
improvement of gas permeability can be calculated at a given volume fraction.
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5.6. Experimental Contributions

Changsheng Xiang proposed the idea of using GNRs for gas barrier tests,
designed and performed the experiments and the characterizations including SEM,
Raman and tensile test. Paris Cox performed the DMA test. Akos Kukovecz conducted
the gas diffusivity measurements. Bostjan Genorio synthesized the HD-GNRs. Daniel
Hashim helped with the DMA tests. Zheng Yan carried out the AFM analyse. Zhiwei
Peng conducted the TEM measurements. Chih-Chau Hwang conducted the FTIR
characterizations. Gedeng Ruan performed the TGA measurements. Errol L. G. Samuel
drew the scheme. Parambath Sudeep aided with the tensile tests.
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