Solution-processed graphene materials
and composites

Laila Jaber-Ansari and Mark C. Hersam

The superlative electronic, optical, mechanical, and chemical properties of graphene suggest
broad technological opportunities for graphene-based materials and composites. However,
the transition from the research laboratory to widespread commercial utilization requires
economical methods for the mass production of graphene and graphene-based materials.
Among the emerging methods for synthesizing graphene, solution-based processing holds
particular promise because of its low cost, high throughput, chemical versatility, and scalability
to large quantities. Furthermore, solution-processed graphene can be seamlessly integrated
with other nanomaterials or polymers to yield composites for a wide array of applications
such as energy conversion and storage, catalysis, electronics, and high-strength materials.
This article highlights the range of techniques being developed for processing graphene in
solution with a specific emphasis on solution-based methods for realizing graphene-based
composites. In addition to fundamental principles, representative applications for these materials

are presented.

Introduction
Graphene achieved widespread attention when it was sepa-
rated from graphite in 2004 using the micromechanical exfolia-
tion (i.e., adhesive tape) method.! Although micromechanical
exfoliation is a straightforward and easily reproduced method
that results in high-quality graphene suitable for fundamental
studies, it lacks sufficient scalability for the bulk production of
graphene-based materials. Similarly, chemical vapor deposition
(CVD) of graphene on metal substrates and epitaxial growth
of graphene on silicon carbide (see the articles by Nyakiti
et al. and Bartelt and McCarty in this issue) are well-suited for
planar applications (e.g., integrated circuits), but are not naturally
extended to three-dimensional graphene-based composites.”*
In contrast, solution methods for isolating graphene exhibit
several attributes that overcome the limitations of microme-
chanical exfoliation and high-temperature growth techniques,
including (1) utilization of inexpensive graphite powder as the
source material, (2) elimination of the need to transfer gra-
phene from the growth substrate, (3) scalability to large-volume
processing for industrial applications, and (4) amenability to
mixing with polymers or other nanomaterials to form graphene
nanocomposites.

In this article, we review solution processing of graphene
with a particular focus on methods that enable the incorpo-
ration of graphene and related materials into bulk materials
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and composites. For organizational purposes, the solution-
processing methods are separated into four major categories:
(1) oxidation and subsequent reduction of graphite as a pathway
to isolating graphene oxide and reduced graphene oxide,
respectively; (2) exfoliation of graphene in aqueous solutions
using amphiphilic surfactants; (3) direct exfoliation of graphene
in organic solvents; and (4) exfoliation of graphene using inter-
calation and electrochemical methods. After describing these
solution-based methods, we outline the integration of graphene
with polymers and other nanomaterials in bulk material and
nanocomposite forms. Furthermore, representative applica-
tions in energy conversion and storage, catalysis, electronics,
and high-strength materials are delineated throughout the
article in an effort to foreshadow the expected technological
impact of graphene-based materials and composites.

Isolating graphene through solution processing
Synthesis and characterization of graphene oxide
and reduced graphene oxide

Oxidation of graphite to graphite oxide (now commonly called
graphene oxide [GO]) traces its origins to 1859, when Brodie
used fuming nitric acid and potassium chlorate (KCIO;) to
oxidize graphite.> Approximately a century later, Hummers
and Offeman developed a procedure for oxidizing graphite
that used potassium permanganate (KMnO,) and sulfuric
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acid as oxidative agents.® Following this pioneering work, the
Hummers method and its variants’” have been widely used for
GO formation.” "

Nuclear magnetic resonance (NMR) and infrared (IR) spectro-
scopies and x-ray diffraction (XRD) indicate that hydroxyl and
carbonyl groups decorate the surface of GO formed by these
oxidation methods (Figure 1a). These hydroxyl and carbonyl
groups provide electrostatic repulsion between GO sheets,
thus minimizing aggregation in solution.'*!*"'® Furthermore,

these oxygen moieties render GO hydrophilic, which enables
straightforward dispersion in aqueous solution through
sonication.'”* Once in solution, the dispersed graphene oxide
sheets can then be converted to reduced graphene oxide (RGO)
through chemical reduction, as schematically depicted in
Figure 1b." Figure 1¢ shows an atomic force microscopy image
of GO sheets produced by a modified Hummers method. The
GO sheets have an average lateral size of about 1 pm and a
thickness of approximately 1 nm."
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Figure 1. (a) Structural model of graphene oxide (GO) showing hydroxyl and carbonyl
groups. Adapted from Reference 13. (b) Schematic illustration of the synthesis of aqueous
graphene dispersions: ((1)) oxidation of graphite (black blocks) to graphite oxide (light gray
blocks) with greater interlayer distance, ((2)) exfoliation of GO in water by sonication to
obtain GO colloids, and ((3)) chemical conversion of GO to RGO in solution. Reproduced
with permission from Reference 14. ©2008, Nature Publishing Group. (c) Atomic force
microscopy image of GO sheets on a silicon substrate. Reproduced with permission from
Reference 13. ©2009, Nature Publishing Group. (d) Optical absorbance spectra of GO and
RGO. (e) Raman spectra of ((1)) GO; RGO obtained by hydrothermal treatment of GO at
((2)) 180°C, ((3)) 150°C, and ((4)) 120°C for 6 h; and ((5)) hydrazine-reduced GO, indicating
the increased intensity of defect peaks (/p) relative to graphene peaks (/) for chemically
and hydrothermally reduced GO compared to GO. Parts (d) and (e) reproduced with
permission from Reference 15. ©2009, American Chemical Society.
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Several applications have been demonstrated
for GO prepared by the Hummers method. For
example, as-produced GO has been used as
a catalyst in reactions such as oxidation of
alcohols and alkyls,?! as a surfactant to disperse
other nanomaterials such as carbon nanotubes
(CNTs) in aqueous solution,? and as a hole-
transport and electron-blocking layer in organic
photovoltaics.?*?** Furthermore, GO exhibits
intrinsic and tunable fluorescence, indicating
potential application as an optical material.*

More commonly, however, GO serves as a
precursor to RGO. The reduction of GO has
been achieved chemically with reducing agents
such as hydrazine,'*?*? zinc powder,* iron
powder,? dimethylformamide (DMF),* laser
irradiation,’! poly(diallyldimethylammonium
chloride) (PDDA),*?> and nontoxic reducing
agents such as green tea* and vitamin C.** Other
GO reduction methods include simultaneous
electrochemical reduction and deposition on
surfaces® and high-temperature reduction of
GO sheets in a reducing gas atmosphere such as
hydrogen. The latter approach is often used for
synthesizing RGO composites, papers, or thin
films for electronics and energy applications.**’

As illustrated in Figure 1d, GO colloidal
suspensions undergo a color change from yellow
to black when RGO is formed.” RGO has been
employed in many applications, including
transistors and transparent conductors,**
biological and chemical sensors,*#* and
photovoltaics.*»* In comparison with mechan-
ically exfoliated graphene, RGO exhibits
more topological defects and a higher surface
roughness.”! Figure le shows the defect (D)
peaks in the Raman spectra of chemically and
hydrothermally reduced GO." As a result of
these defects and remnant oxygen functionalities,
the electrical properties of RGO are compro-
mised compared to those of pristine graphene.>

Exfoliation of graphite in aqueous
solutions with amphiphilic surfactants
In an effort to avoid the defects introduced
during the aforementioned oxidative and
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reductive chemical treatments, researchers have also devel-
oped methods for directly exfoliating graphene from graphite
in aqueous solutions using ultrasonication in amphiphilic sur-
factants such as sodium dodecyl benzene sulfonate (SDBS),*
sodium cholate (SC), and sodium dodecyl sulfate (SDS).>
Biocompatible, amphiphilic block copolymers (such as those
sold under the trade names Pluronic and Tetronic) have also
yielded effective dispersion of graphene in aqueous solutions.>
These block copolymers contain hydrophobic poly(propylene
oxide) (PPO) and hydrophilic poly(ethylene oxide) (PEO)
domains that preferentially interact with graphene sheets and
water molecules, respectively, enabling the graphene sheets
to disperse in water without a covalent modification step. The
concentration of graphene in aqueous solution depends on the
lengths of the PPO and PEO chains, as shown in Figure 2a.%

Figure 2b schematically illustrates the ultrasonic exfolia-
tion of graphene from graphite in aqueous solution containing
SC.* As indicated in the schematic, solution-phase methods
for directly exfoliating graphene from graphite typically offer
minimal control over the thickness (i.e., number of layers) in

the dispersed graphene sheets, which is suboptimal for many
applications because many properties of graphene depend on
the number of layers.*® For example, single-layer graphene is
a zero-bandgap semimetal,”” whereas bilayer graphene has a
tunable bandgap in the infrared region®® and trilayer graphene
has a band overlap that can be controlled by applying an electric
field.”

An important advantage of dispersing graphene in aqueous
solutions is that these solutions are compatible with methods
for separating and purifying nanomaterials such as density-
gradient ultracentrifugation (DGU).%*¢! For example, SC has
a planar structure and can encapsulate few-layer-graphene
particles to form well-ordered graphene/SC assemblies
(as illustrated in Figure 2b). With this geometry, the buoyant
density of these graphene/SC particles varies as a function
of their thickness, presenting an opportunity for thickness
sorting by DGU. In the graphene DGU process, SC-coated
graphene sheets are initially loaded into a fluid of linearly
varying density. During subsequent ultracentrifugation,
the graphene sheets sediment through the density gradient
until they reach the point where their density
matches the local density of the fluid, forming

.[5]

distinct bands in the centrifuge tube. These
bands contain graphene sheets with specific
numbers of layers, which are then harvested
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Figure 2. (a) Graphene concentration map for various Pluronic and Tetronic compositions
(identified by trade name), showing the dependence of the concentration of graphene
in aqueous solution on the lengths of the poly(propylene oxide) (PPO) and poly(ethylene
oxide) (PEO) blocks of the block copolymers. Reproduced with permission from
Reference 55. ©2011, American Chemical Society. (b) Schematic illustration of a
surfactant-based graphene exfoliation process in aqueous solution, along with a photograph
of a 90 ug ml-* graphene dispersion in sodium cholate (SC). (c) Photograph of a centrifuge
tube containing an aqueous solution of SC-coated graphene after the application of density
gradient ultracentrifugation (DGU) and representative atomic force microscopy images of
graphene from fractions designated ((1)) f4 and ((2)) f16 on a SiO, substrate. The height
profiles corresponding to the indicated line scans from the two fractions demonstrate the
different thicknesses of graphene flakes, in this case about 1 nm and 1.5 nm, segregated
using DGU. Parts (b) and (c) reproduced with permission from Reference 54. ©2009,
American Chemical Society.

in a fractionation step. Figure 2c shows these
bands in a centrifuge tube along with atomic
force microscopy characterization of selected
fractions, illustrating separation by graphene
thickness and thus number of layers.** Single-
layer graphene isolated by DGU was recently
employed in high-performance flexible elec-
tronic devices that operate at frequencies in the
gigahertz range.

Direct exfoliation of graphene in
organic solvents

Another effective solution-phase method for
exfoliating graphene from graphite is sonication
of pristine graphite in organic solvents.®*% For
example, Hernandez et al. used organic solvents
such as N-methyl-2-pyrrolidone (NMP),
v-butyrolactone (GBL), N,N-dimethylacetamide
(DMA), and N,N’-dimethylethyleneurea
(DMEU) to obtain graphene dispersions with
~1 wt% yield (although the yield could be
increased to ~12 wt% by recycling the graphite
sediment). Because a mild-bath sonication was
used for graphite exfoliation followed by a
gentle centrifugation step for sedimentation
and separation of the remaining graphite, the
resulting graphene was reported to have a
low defect density as determined by Raman
spectroscopy.® With this method, graphene dis-
persions with concentrations of approximately
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0.01 mg/ml were obtained in various solvents. Figure 3a—b
show the optical absorbance data for such solutions. NMP was
found to be the best choice among the four tested solvents for
graphene exfoliation, yielding the highest graphene concentra-
tion, because its surface energy provides the best match with
the surface energy of graphene.®

For applications that require higher graphene concentra-
tions, Liang et al. employed a stabilizer and solvent-exchange
method to increase the concentration of graphene in organic
solvents. They initially used ethanol as a solvent to exfoliate
graphite and obtained a graphene dispersion with a concentra-
tion of 1.6 pg/ml. However, upon addition of ~1% w/v ethyl
cellulose (EC) to ethanol, the graphene concentration was
substantially enhanced to more than 120 pg/ml. Terpineol was
then added to dilute this solution to about 100 pg/ml. Because
the EC-stabilized graphene flakes are hydrophobic, subsequent
addition of water to the graphene/terpineol/ethanol/EC solution
induced the graphene to leave the EC phase and concentrate in
the small-volume terpineol phase, resulting in a graphene ink
with a concentration of about 1 mg/ml following three iterations
of this solvent-exchange process (Figure 3c).%

Exfoliation of graphene using intercalation and
electrochemical methods

Graphite intercalation compounds such as tetrabutylammo-
nium hydroxide (TBA) have also been used for exfoliation
of graphite or weakly oxidized graphite oxide. Although this

method yields large graphene flakes, the resulting graphene
contains significant quantities of defects.®”8 Tonic intercala-
tion compounds can also be used for graphite exfoliation, but
they either leave oxygen moieties on the graphene sheets or
produce graphene flakes that are relatively small compared
to those obtained using competing intercalation compounds
(e.g., TBA).5%70

To address these issues, Shih et al. used halides (IC1 and
IBr) as intercalants for graphite.”' In this method, a piece of
highly oriented pyrolytic graphite (HOPG) was placed in
a reactor along with the intercalation compounds and heated
to 100—160°C for 48 h. The intercalated graphite was then
immediately heated to 800°C in an argon atmosphere, leading
to volumetric expansion. The degree of intercalation is con-
trolled by the intercalation temperature, providing significant
tunability. For example, every third layer of the graphite lattice
can be intercalated (stage 3), or every second layer can be inter-
calated (stage 2), as shown in Figure 4a. These well-ordered
crystallographic stages are demonstrated by the XRD patterns
in Figure 4b.

Stage-2 and stage-3 expanded samples exhibit a substantial
volume expansion, as shown in Figure 4c—d. The two bottom
profiles in Figure 4b show the XRD patterns of stage-2 and
stage-3 expanded graphite. The corresponding (002) and (004)
peak positions are almost identical to those of HOPG, indicating
that the spacing of the graphene planes in graphite is restored.
Furthermore, the decrease in (004) peak intensity and the absence
of'the (006) peak show that the two materials are

made of fewer than four graphite layers.”
Inspired by electrochemical reactions in

lithium-ion batteries, Wang et al. used interca-
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Figure 3. (a) Absorption spectra for few-layer graphene dispersed in N-methyl-2-pyrrolidone
(NMP), y-butyrolactone (GBL), N,N-dimethylacetamide (DMA), and N,N'-dimethylethyleneurea
(DMEU) at concentrations from 2 to 8 pg mi~'. (b) Optical absorbance, A (at A = 660 nm),
divided by cell length (/) for graphene in the four solvents NMP, GBL, DMA, and DMEU,
showing Beer-Lambert behavior (absorbance proportional to concentration and path
length) with an average absorption coefficient of (agg,) = 2460 | g=' m~'. The x-axis error
bars indicate the uncertainty in measuring the mass of graphene/graphite in solution.
Parts (a) and (b) reproduced with permission from Reference 63. ©2008, Nature Publishing
Group. (c) Vials of a 1:5 mixture of terpineol and ethyl cellulose stabilized graphene/ethanol
solution before and after water addition. Upon the addition of water, the hydrophobic
graphene flakes preferentially separate into the concentrated terpineol fraction, leaving
behind a predominantly ethanol and water mixture. The concentration factor C/C, of
graphene (for an initial concentration of C, = 102.4 ug/ml) is plotted after each solvent-
exchange concentration and graphene/ethanol addition step for three iterations.
Reproduced with permission from Reference 66. ©2010, American Chemical Society.
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Processing Step

anode that is referred to as the solid electrolyte

interphase (SEI). SEI formation prevents graph-
ite exfoliation and promotes a longer battery
life.” Therefore, for effective graphite exfo-
liation with the highest yield, electrolytes are
needed that do not form an SEI layer, such as
propylene carbonate (PC).” To further promote
exfoliation, Wang et al. used a high applied
potential (—15 £ 5 V) to activate the intercala-
tion of PC molecules in addition to Li" ions into
the graphite.” The resulting expanded graphite
was then exfoliated to graphene by sonication
in LiCl in a DMF/PC mixed solvent. Figure 4¢
schematically illustrates this process.”
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Figure 4. (a) Schematic illustration of highly oriented pyrolytic graphite (HOPG) (top),

IBr stage-3 graphite intercalation compound (GIC) (middle), and ICI stage-2 GIC (bottom)
(carbon, gray; iodine, red; bromine, yellow; chlorine, cyan). (b) X-ray diffraction patterns
of HOPG, IBr stage-3 GIC, ICl stage-2 GIC, IBr stage-3 expanded graphite (ExG), and

ICl stage-2 ExG. For IBr stage-3 GIC, three additional peaks appear between two of the
three main peaks corresponding to the (002), (004), and (006) planes in HOPG, which is a
clear signature of stage-3 GIC (the intercalant layer inserts between every three graphene
layers). (c) Photographs of HOPG (top), stage-3 GIC (middle), and stage-3 ExG formed by
lithium intercalation (bottom). (The HOPG and GIC materials are held up with tweezers
with the edges toward the viewer). (d) Photographs of HOPG (top), stage-2 GIC (middle),
and stage-2 ExG (bottom). Parts (a)—(d) reproduced with permission from Reference 71.
©2011, Nature Publishing Group. (e) Schematic illustration of electrochemically charged
graphite in Li*/propylene carbonate (PC). The expanded graphite is then exfoliated by
power sonication in LiCl in a dimethylformamide/PC mixed solvent. Part (e) reproduced

Solution-processed graphene
composites

Because of its extended sp>-hybridized carbon
network, graphene has exceptional electrical and
thermal conductivity and superlative mechanical
properties, thus making it a promising candidate
for composite materials.”®’” Additive compo-
nents that are commonly used for synthesiz-
ing graphene composites are polymers and
nanoparticles of metals, metal compounds,
and carbon. Solution-processing methods such
as solution mixing and in situ polymerization
have the advantage of producing well-mixed
composites in comparison with other methods
such as melt compounding. The following two
subsections provide representative examples of
graphene/polymer and graphene/nanoparticle
composites.

Graphene/polymer composites
Graphene, GO, and RGO composites with
insulating and conducting polymers have
been widely reported in the literature.”®*! In
the solution-mixing method for synthesizing
graphene/polymer composites, a graphene,
GO, or RGO colloidal dispersion is combined
with the polymer in solution. This approach
has been employed with a variety of both
nonconducting polymers such as poly(vinyl
alcohol),?*#%92 poly(methyl methacrylate),’
poly(vinylidene fluoride),” polystyrene,®
and polycarbonate® and conducting polymers
such as sulfonated poly(phenylene ethylene),*
poly(3-hexylthiophene-2,5-diyl),”” and poly
(3,4-ethylenedioxythiophene).”® Figure 5 pro-
vides an example of the processing and resulting
structure of a representative graphene/polymer
composite.

In polymer composites that contain RGO,
reduction of graphene oxide to RGO can be
performed either before or after solution mix-

Dispersible

Amphiphilic surfactants such as SDS have also been used
as intercalating compounds. In addition to serving as intercal-
ants, the surfactants that adsorb on the surface of the exfoliated
graphene sheets prevent the sheets from restacking in solution
following exfoliation. In this method, a graphite rod is used as
a working electrode with a platinum counter electrode in a 1%
SDS aqueous solution. The graphite rod is initially treated as an
anode in an effort to drive SDS intercalation. Then, the interca-
lated graphite is treated as a cathode, leading to the exfoliation
and dispersion of SDS-functionalized graphene sheets. The size
and concentration of the graphene sheets can be controlled by
the intercalation potential, thus providing a degree of dispersion
tunability.”

https://doi.org/10.1557/mrs.2012.182 Published online by Cambridge University Press

ing. In the pregraphitization strategy, RGO is
directly mixed with the polymer, thus avoiding exposure of the
polymer to the graphene oxide reduction process that involves
chemical treatments or high temperatures. On the other hand,
the advantage of the postgraphitization strategy is that GO is
easily dispersed in aqueous solutions because of its hydrophi-
licity, thus enabling the integration of GO with water-soluble
polymers using a simple sonication step. Unfunctionalized gra-
phene sheets that do not disperse well in water can be dispersed
in solvents such as DMF® and then mixed with the polymer
solution. After the solutions are mixed, the composite can
be precipitated by water/solvent evaporation,'® filtration,'*!
centrifugation,'®? or flocculation (for example, adding alcohol to
a water-dispersed composite causes composite precipitation).!%
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energy-storage capacity. Figure 6¢ shows that
addition of graphene nanosheets to PANI fur-
ther improves this capacity by increasing the
available surface area and conductivity of the
PANI electrode.'!

Graphene/nanoparticle composites
Graphene and GO composites with other car-
bonaceous nanomaterials such as fullerenes and
CNTs have also been reported.''*'"” Typically,
a colloidal dispersion of graphene or GO is
directly mixed with another carbon nanomate-
rial dispersion and sonicated to form a uniform
dispersion. The composite is then formed by
vacuum filtration, drop casting, or blade coat-
ing of the mixed solution. In some cases, GO
acts as a surfactant for the dispersion of CNTs
in aqueous solutions because of its amphi-
philic nature (GO has hydrophilic edges and
hydrophobic regions on its basal plane).”? The
addition of CNTs and fullerenes can increase
the conductivity of graphene-based materials,
which has utility for applications in electronics and transparent
conductors.'"’

Figure 5. An example of a fabrication process for a graphene/polymer composite:

(@) Suspension of phenyl isocyanate-treated GO (1 mg/ml) and dissolved polystyrene

in dimethylformamide before (left) and after (right) reduction of the GO by
N,N-dimethylhydrazine. (b) Composite powder as obtained after coagulation in methanol.
(c) Hot-pressed composite (opaque; 0.12 vol% graphene) and pure polystyrene (clear)

of the same 0.4-mm thickness following identical processing. (d) Scanning electron
microscopy (SEM) images obtained from a fracture surface of composite samples of 0.48 vol%
(left) and 2.4 vol% (right) graphene in polystyrene. Reproduced with permission from
Reference 94. ©2006, Nature Publishing Group.

In situ polymerization is another common solution method
for synthesizing graphene/polymer composites. In this method,

the monomer is mixed with the graphene, GO, or RGO colloi-
dal suspension, and then polymerization is induced. Both
pre- and postgraphitization processes are compatible with
this strategy.'**1% As an example, Hu et al. prepared graphene/
polystyrene nanocomposites by mixing GO with styrene mono-
mers and then inducing polymerization by adding potassium
persulfate and heating in an inert atmosphere. In this case,
hydrazine was then added to induce GO reduction to RGO.!%
This method tends to promote uniform coating of the graphene
within the polymer matrix. However, the disad-

Metal and metal-compound nanoparticles have also been
explored as additives in graphene-based composites.'"® 13 As
for carbon-based nanomaterials, the most common method for
preparing these composites is solution mixing of dispersions of
graphene and a metal or metal compound. In addition, in situ
methods for directly depositing nanoparticles on graphene sheets
in solution have been reported.'*'"'** For example, HongKun and
Chao demonstrated that gold, platinum, palladium, and silver
nanoparticles can be deposited on RGO from their precursors

vantage is that interchain hydrogen bonding can
be inhibited, resulting in a slight degradation in
mechanical properties.'%

Applications for graphene-based polymer
composites attempt to exploit the unique electri-
cal, physical, and chemical properties of gra-
phene and graphene oxide. For example, because
of their high conductivities, polymer compos-
ites of graphene and RGO have been used in
field-effect transistors,'”’ supercapacitors,'’!
and photovoltaics.’*!%® Other applications
such as biosensors'®!"? and biomedical'"
applications rely on the high mechanical
strength of graphene and GO'"?!"3 and the
chemical stability of graphene. Figure 6a—b
show scanning electron microscopy (SEM)
and transmission electron microscopy (TEM)
images of a composite of graphene nanosheets
(GNSs) and polyaniline (PANI). PANI is
generally regarded as a promising electrode
material for supercapacitors because of its high
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Figure 6. (a) SEM and (b) transmission electron microscopy (TEM) images of a
polyaniline (PANI)/graphene composite. (c) Variation of the specific capacitance of
pure PANI, graphene nanosheets (GNSs), and graphene/polymer (GP) (6:94) composite
electrodes as a function of cycle number measured at a rate of 50 mV s~ in 1 M H,SO,
aqueous solution. The inset shows the ((1)) first and ((2)) 1000th cyclic voltammograms
of the GP6:94 composite. Reproduced with permission from Reference 101. ©2011,
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(AuCl;HCI'H, 0, K,PtCl,, PdCl,, and AgNO;, respectively).
These composites exhibited enhanced catalytic activity for the
reduction reaction of potassium hexacyanoferrate(IIl)."** Yang
et al. also reported enhancement in electrocatalytic activity of
graphene following decoration with gold nanoparticles, with
potential applications in biomedical and energy technologies.'*!
Similarly, RGO/silver nanoparticle composites showed excellent
antibacterial capability comparable to that of the antibacterial
drug ampicillin,'*® whereas graphene/iron nanoparticle'* and
graphene/tin nanoparticle'*® composites were reported to have
high lithium-ion capacities for use in rechargeable lithium-ion
batteries.

A variety of metal compounds have also been employed in
graphene/nanoparticle composites. For instance, graphene and
RGO have been incorporated into composites with Fe,0,,'** vana-
dium nitride,™ MnO,,1* Mn,0,,* SnO,,!514!

exfoliation of graphene in addition to oxidation/reduction
graphene oxide/reduced graphene oxide pathways. Because
each of these methods involves tradeoffs in the quality and size
of graphene sheets, processing time, and yield, the choice of
graphene dispersion method is often dictated by the needs of
the specific experiment or application. After being dispersed
in the solution phase, graphene can be straightforwardly
integrated with a variety of polymer and/or nanomaterial
solutions, providing vast opportunities for the synthesis and
testing of graphene-based composites. These composites
are already impacting numerous applications, including
electronics, biomedical devices, and energy conversion and
storage technologies.

Despite the rapid progress and many accomplishments in
this field, important challenges remain for solution-processed

MoO,,'* TiO,,'** and CuO' for application in

high-performance lithium-ion battery electrodes. IE‘

In addition, RGO composites with CdS"® and
ZnO"* were used for photocatalytic reduction
of Cr(VI), and RGO composites with MnO,
were utilized in supercapacitors.'* Figure 7a-b
show TEM and high-resolution TEM images,
respectively, of an RGO/Mn;0, composite.
Figure 7c—d compare the specific lithium
capacity and battery cycling performance
of pure Mn;0, and RGO/Mn,0, composite,
respectively, revealing improvement in the

(2]

Mn;0; Graphene

(o]

(101)- 7 i Graphene

N
>0.28nm

(103)

reversible capacity following the addition of 1400 ] -

RGO.'" Figure 7e—f show SEM images of 1200 Free Mn;0, | _ 4200 RGO/Mn;0,

solvent-exfoliated graphene (SEG) and solvent- = 1000 - 3 1000 4 40mAjg

reduced graphene oxide (SRGO) composites E 800 - E 8004 "'":.‘:?f:'_f‘:“ 400 mA/g

with mixed-phase titania (TiO, P25) particles. E 600 ] . g:lscharga %‘ 600 :.fff'.’:‘:'.ﬂ L

These composites agt as.effectlve catalysts for E 400 e Temarge % 400" :.szf_ ::Ua

CH,CHO photo-oxidation and CO, photore- S 5. g 9 a5 * Discharge

duction reactions, respectively. In particular, 4 Py, ] « Charge

SEG-based composites were found to exhibit ° T T T 1 o — T T T 1
0 2 4 6 8 10 0 10 20 30 40

higher catalytic activity than SRGO-based
composites in both oxidation and reduction
reactions. This observation was attributed to
the reduced defect density and thus higher
electron mean free path for SEG compared
to SRGO.'

Conclusions and perspective

Solution-processing techniques have helped
graphene-based research proliferate because
they provide relatively straightforward access
to large quantities of graphene, thus enabling
widespread exploration of graphene materials
and composites in fundamental studies and
application development. Various solution
methods have emerged for scalable exfolia-
tion of graphite to graphene, including aque-
ous surfactant, solvent, and electrochemical

Cycle Number

Figure 7. (a) TEM and (b) high-resolution TEM images of reduced graphene oxide (RGO)/
Mn;0, composites. (c) Capacity retention of free Mn;O, nanoparticles without graphene
degrades after even one cycle at a current density of 40 mA/g. (d) Improved cycling
performance of an RGO/Mn,0O, composite in a lithium-ion battery. Parts (a)—(d) reproduced
with permission from Reference 140. ©2010, American Chemical Society. (e-f) SEM
images of (e) an annealed solvent-exfoliated graphene (SEG)/P25 TiO, nanocomposite
and (f) an annealed solvent-reduced graphene oxide (SRGO)/P25 TiO, nanocomposite.
Parts (e) and (f) reproduced with permission from Reference 145. ©2011, American
Chemical Society.
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graphene. Because many graphene properties depend on the
size and number of graphene layers, methods for better control
of the monodispersity of these parameters are needed. In
addition, solution-phase processing techniques typically yield
graphene flakes with relatively small lateral sizes (less than
100 um?) despite the advantages that larger flakes have in
high-performance applications (e.g., electronics). Methods for
directly controlling or postsynthetically selecting the number
of graphene layers also remain of high interest. In this regard,
intercalation methods” show promise and will likely be the
subject of future efforts in this field.

Another emerging challenge is the direct solution-phase
exfoliation or synthesis of graphene nanoribbons!**7 with
tunable widths, which are of interest because of their potential
applicability in digital electronics. Similarly, biomedical appli-
cations of graphene'**'** are in their infancy but are expected
to expand as methods emerge to improve the biocompatibility
of graphene dispersions.'® Finally, practical issues including
throughput, yield, and cost will require continual attention
and innovation as graphene materials and composites tran-
sition from research laboratories to nascent industrial-scale
applications.
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