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Chemical methods for the production of graphenes

Sungjin Park’ and Rodney S. Ruoff™*

Interest in graphene centres on its excellent mechanical, electrical, thermal and optical properties, its very high specific surface
area, and our ability to influence these properties through chemical functionalization. There are a number of methods for gen-
erating graphene and chemically modified graphene from graphite and derivatives of graphite, each with different advantages
and disadvantages. Here we review the use of colloidal suspensions to produce new materials composed of graphene and
chemically modified graphene. This approach is both versatile and scalable, and is adaptable to a wide variety of applications.

— a single layer of carbon atoms bonded together in a hex-

agonal lattice — has stimulated a vast amount of research in
recent years'. The remarkable properties of graphene reported so
far include high values of its Young’s modulus (~1,100 GPa)? frac-
ture strength (125 GPa)? thermal conductivity (~5,000 W m'K™")?,
mobility of charge carriers (200,000 cm? V™! s7)* and specific sur-
face area (calculated value, 2,630 m? g')°, plus fascinating trans-
port phenomena such as the quantum Hall effect®. Graphene and
chemically modified graphene (CMG) are promising candidates
as components in applications such as energy-storage materi-
als’, ‘paper-like’ materials”$, polymer composites>', liquid crystal
devices' and mechanical resonators'.

Graphene has been made by four different methods. The first
was chemical vapour deposition (CVD) and epitaxial growth, such
as the decomposition of ethylene on nickel surfaces®. These early
efforts (which started in 1970) were followed by a large body of
work by the surface-science community on ‘monolayer graphite’'*.
The second was the micromechanical exfoliation of graphite'.
This approach, which is also known as the ‘Scotch tape’ or peel-oft
method, followed on from earlier work on micromechanical exfo-
liation from patterned graphite'®. The third method was epitaxial
growth on electrically insulating surfaces such as SiC (ref. 17) and
the fourth was the creation of colloidal suspensions.

Micromechanical exfoliation has yielded small samples of
graphene that are useful for fundamental study. Although large-
area graphene films (up to ~1 cm?) of single- to few-layer graphene
have been generated by CVD growth on metal substrates'®*, and
graphene-type carbon materials have been produced by substrate-
free CVD?, radio-frequency plasma-enhanced CVD?%, aerosol
pyrolysis* and solvothermal synthesis*, the uniform growth of
single-layer graphene is still a challenge. In this review, we dis-
cuss the production of graphene and CMG from colloidal suspen-
sions made from graphite, derivatives of graphite (such as graphite
oxide) and graphite intercalation compounds. This approach is
both scalable, affording the possibility of high-volume produc-
tion, and versatile in terms of being well-suited to chemical func-
tionalization. These advantages mean that the colloidal suspension
method for producing graphene and CMG could be used for a
wide range of applications.

—|—he development of various methods for producing graphene

Graphenes from graphite oxide

Since it was first prepared in the nineteenth century®*?, graphite
oxide has been mainly produced by the Brodie®, Staudenmaier®”
and Hummers®® methods. All three methods involve oxidation of

graphite in the presence of strong acids and oxidants. The level of
the oxidation can be varied on the basis of the method, the reaction
conditions and the precursor graphite used. Although extensive
research has been done to reveal the chemical structure of graphite
oxide, several models are still being debated in the literature.

Solid-state *C NMR spectroscopy of graphite oxide and recently
of *C-labelled graphite oxide favours the model shown in Fig. 1a; the
sp>-bonded carbon network of graphite is strongly disrupted and a sig-
nificant fraction of this carbon network is bonded to hydroxyl groups
or participates in epoxide groups*-*2. Minor components of carboxylic
or carbonyl groups are thought to populate the edges of the layers in
graphite oxide. This indicates that further work with solid-state NMR
on "C-labelled graphite oxide is necessary, along with (for example)
titration with fluorescent tags of carboxylic and other groups to iden-
tify their spatial distribution on individual graphene oxide platelets
derived from graphite oxide as discussed further below.

Graphite oxide thus consists of a layered structure of ‘graphene
oxide’ sheets that are strongly hydrophilic such that intercalation
of water molecules between the layers readily occurs®. The inter-
layer distance between the graphene oxide sheets increases revers-
ibly from 6 to 12 A with increasing relative humidity®. Notably,
graphite oxide can be completely exfoliated to produce aqueous
colloidal suspensions of graphene oxide sheets by simple sonication
(Fig. 1b)** and by stirring the water/graphite oxide mixture for a
long enough time®. The measurement of the surface charge (zeta
potential) of graphene oxide sheets® shows that they have negative
charges when dispersed in water. This suggests that electrostatic
repulsion between negatively charged graphene oxide sheets could
generate a stable aqueous suspension of them. A considerable body
of work®*® on such aqueous colloidal suspensions was carried out
in the 1950s and 1960s. Such graphene oxide sheets probably have
a similar chemical structure to the layers in graphite oxide and are
a promising starting material in the generation of colloidal suspen-
sions of other CMGs through chemical tuning. Filtration of CMG
suspensions has produced free standing paper-like materials”***-!
that have a layered structure (Fig. 1c, d). Significant advances have
also been made in using homogeneous suspensions of CMG sheets
to produce thin films, which can be relevant to transparent and
electrically conductive thin-film applications, among others®***-*,

Unreduced graphene oxide sheets

Several authors have stated that homogeneous colloidal suspen-
sions of graphene oxide in aqueous and various organic solvents
can be achieved by simple sonication of graphite oxide®**4-.
The hydrophilic graphene oxide can be easily dispersed in water
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Figure 1| Graphite oxide and graphene oxide. a, Chemical structure of graphite oxide*°. For clarity, minor functional groups, carboxylic groups and
carbonyl groups have been omitted at the edges. Reproduced with permission from ref. 30. © 1998 Elsevier. b, An AFM image of exfoliated graphene
oxide sheets”; the sheets are ~1 nm thick. The horizontal lines indicate the sections corresponding (in order from top to bottom) to the traces shown on
the right. Reproduced with permission from ref. 47. © 2007 Elsevier. ¢, Photograph of folded graphene oxide paper’ (© 2007 NPG). d, A scanning electron
microscope image of the cross-section of the graphene oxide paper, showing layered structure’ (© 2007 NPG).

(at concentrations up to 3 mg ml™?)%**% affording brown/

dark-brown suspensions. (See Table 1 for a list of solvents used,
the concentrations of colloidal suspensions, the lateral dimensions
and heights of graphene oxide sheets, and the type of precur-
sor material used, be it graphite oxide or graphite or expandable
graphite.) The exfoliation to achieve graphene oxide sheets has
been most typically confirmed by thickness measurements of the
single graphene sheet (~1-nm height on substrates such as mica)
using atomic force microscopy (AFM).

Graphite oxide can be dispersed directly in several polar solvents
such as ethylene glycol, DMF, NMP and THF at about 0.5 mg ml™
(ref. 46). It has also been shown that the chemical modification of
graphene oxide sheets by organic molecules yields homogeneous
suspensions in organic solvents*; reaction of graphite oxide with iso-
cyanate groups produced isocyanate-modified graphene oxide sheets
that are well dispersed in polar aprotic solvents. It was proposed that
carbamate and amide functional groups are generated by the reac-
tion of isocyanate with hydroxyl and carboxyl groups (Fig. 2a)*.

The amide-coupling reaction*® between the carboxyl
acid groups of graphene oxides and octadecylamine (after

218

SOCI, activation of the COOH groups) was used in ref. 49 to
modify graphene oxides by long alkyl chains with 20 wt% yield.
Interestingly, chemical modification of an alternative starting
material, graphite fluoride, with alkyl lithium reagents produced
alkyl-chain-modified graphene sheets that could be dispersed in
organic solvents after sonication®.

Reduced graphene oxides
Although the chemical modification of graphene/graphite oxide or
graphite fluoride can generate homogeneous colloidal suspensions,
the resulting CMGs are electrically insulating owing to disruption
of the ‘graphitic’ networks. On the other hand, the reduction of the
graphene oxide by chemical methods (using reductants such as
hydrazine****?, dimethylhydrazine®, hydroquinone® and NaBH,
(refs 42 and 54), thermal methods®>*® and ultraviolet-assisted
methods® has produced electrically conducting CMGs. (See
Table 2 for a list of electrical properties of graphene-based materi-
als generated using their suspensions.)

The reduction of aqueous graphene oxide suspension by hydra-
zine at the pH of the suspension when used as made results in
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Table 1| Comparison of a set of chemical approaches to produce colloidal suspensions of CMG sheets

Ref. Starting materials Dispersible solvents Concentration (mg ml™) Lateral size Thickness (nm)
34 GO/MH Water 1 = =
36 GO/MH Water 0.5 Several hundred nm ~1
39 GO/MH Water 0.1 — ~1.7
40 GO/MH Water 7 Several hundred nm ~1
42 GO/H Water/methanol, 3-4 Several hundred nm ~1.2
acetone, acetonitrile
mixed solvents
45 GO/MH DMF, NMP, DMSO, HMPA 1 ~560 nm ~1
46 GO/H Water, acetone, ethanol, 0.5 100-1,000 nm 1.0-14
1-propanol, ethylene glycol,
DMSO, DMF, NMP, pyridine,
THF
49 GO/O DMF, THF, CCl,, DCE 0.5 = 0.5-25
50 Graphite fluoride DCB, MC, THF 0.002-0.54 1,600 nm ~0.95
51 GO/S DMF, DMAc, NMP 1 Several hundred nm 1.8-2.2
52 GO/MH Hydrazine 15 Up to 20 pm x 40 um ~0.6
54 GO/S THF <048 — 1-2
55,56,10 GO/S NMP, DMF, DCB, THF, 0.1 100-2,500 nm 11-3.5 (ave.1.75)
nitromethane
57 GO/H Ethanol 1 Several hundred nm ~2
59 Graphite powder NMP, DMAc, GBL, DMEU 0.01 Several um 1-5
60 GIC NMP 0.15 Several hundred nm ~0.35
61 EG DCE 0.0005 Nanoribbon (width 1-1.8
<10 nm)
62 EG DMF — ~250 nm ~1
63 EG Water, DMF, DMSO 0.015-0.020 Several hundred nmto a 2-3 (2-3 layers of
few um graphene)
64 Graphite rod DMF, DMSO, NMP 1 500-700 nm ~11

GO, graphite oxide; MH, modified Hummers method; H, Hummers method; O, their own method; S, Staudenmaier method; EG, expandable graphite; GIC, graphite intercalation compound; DMF,
dimethylformamide; DMAc, N,N’-dimethylacetamide; DMSO, dimethylsulphoxide; NMP, N-methylpyrrolidone; THF, tetrahydrofuran; MC, dichloromethane; DCE, 1,2-dichloroethane; DCB,
1,2-dichlorobenzene; HMPA, hexamethylphosphoramide; GBL, y-butyrolactone; DMEU, 1,3-dimethyl-2-imidazolidinone.

agglomerated graphene-based nanosheets, and, when dried, a
black powder (Fig. 2b)* that is electrically conductive (powder
conductivity, ~2 x 10> S m™'). Elemental analysis (atomic C/O
ratio, ~10) of the reduced graphene oxides measured by com-
bustion revealed the existence of a significant amount of oxygen,
indicating that reduced graphene oxide is not the same as pris-
tine graphene. Theoretical calculations of the reduction of graph-
ene oxide (the model used for graphene oxide had the graphene
decorated with hydroxyl and epoxide groups) suggest that reduc-
tion below 6.25% of the area of the graphene oxide (C/O = 16 in
atomic ratio) may be difficult in terms of removing the remaining
hydroxyl groups®™.

Homogeneous colloidal suspensions of electrically conducting
CMGs have been produced by chemical reduction with dimethyl-
hydrazine or hydrazine in the presence of either polymer or
surfactant®*. The reduction of an aqueous suspension contain-
ing a mixture of graphene oxide sheets and poly(sodium 4-sty-
renesulphonate) afforded an aqueous black suspension of reduced
graphene oxide sheets coated in the polymer*. The reduction of
isocyanate-modified graphene oxide in the presence of polystyrene
generated a suspension of reduced graphene oxide sheets in DMF
that could then be ‘crashed out’ with methanol to yield a compos-
ite with well-dispersed and electrically conductive CMG sheets®.
Reduction of sodium dodecylbenzenesulfonate (SDBS)-wrapped
graphene oxide with hydrazine and then its chemical modifica-
tion (Fig. 2c) with aryl diazonium salt produced SDBS-wrapped

CMG that was dispersible in DMF, N,N'-dimethylacetamide, and
NMP at concentrations up to 1 mg ml™" (ref. 51).

Colloidal suspensions of modified graphenes decorated with
small organic molecules or nanoparticles have also been reported.
In ref. 39, the reduced graphene oxide sheets were functionalized
using pyrenebutyric acid (a well-known organic molecule®® with
a strong adsorption affinity for the graphitic plane via 7 stack-
ing). The aqueous graphene oxide suspension was reduced using
hydrazine in the presence of pyrenebutyric acid, yielding a black
aqueous colloidal suspension (0.1 mg ml™") of CMG adsorbed by
pyrenebutyric acid. Its paper-like material, prepared by filtration,
showed moderate electrical conductivity (2 x 10*S m™).

The suspension (<0.48 mg ml™) of gold-nanoparticle-modified
graphene sheets in THF was generated by the reaction of NaBH,
and octadecylamine-modified graphene oxide® and then the addi-
tion of AuCl, to the suspension®. The gold nanoparticles (diam-
eter, ~5-11 nm) were anchored to the modified graphene sheets.
Graphene modified with titanium dioxide nanoparticles has also
been studied”’; ultraviolet irradiation of this TiO,/graphene oxide
hybrid in ethanol was used to reduce the graphene oxide sheets
(Fig. 2d), producing a black suspension of TiO,-attached CMG
sheets in ethanol. The TiO, was suggested to act as a photocata-
lyst, transferring photoelectrons from the TiO, to the graphene
oxide sheets”.

A few methods for creating colloidal suspensions of graph-
ene sheets without the help of stabilizers or surfactants have

NATURE NANOTECHNOLOGY | VOL 4 | APRIL 2009 | www.nature.com/naturenanotechnology 219

© 2009 Macmillan Publishers Limited. All rights reserved



REVIEW ARTICLE NATURE NANOTECHNOLOGY Do 10.1038/NNANO.2009.58

OH N,H,-H,0-pH 10
ol OH 80°C, 24 h R b
H COOH " | COOH
-+
6 © OH BFANZOR H
SDBS-wrapped GO 1a-4a
RT,1h
1a,bR=Cl R R
2a,bR=NO,
3a,bR=0CH, Tb-4b
4a,bR=Br
d
e -0 Q Qo S
e ToT80a¢
® o o
_— 0.9 [O) ® Q, ®
m @ ®®®®® o® @ @999(9@@@
’ > 562 Re® T b N,
oONO® 02 e
o2 06 Q S
@% o 560 ©

Figure 2 | CMG oxide sheets. a, Proposed reaction of graphene oxide sheets with isocyanates forming carbamate (left oval) and amide (right oval)
functionalities*. b, A scanning electron microscope image of aggregated graphene oxide sheets chemically reduced with hydrazine monohydrate?. Parts
a and b reproduced with permission from ref. 47. © 2007 Elsevier. ¢, Starting with SDBS-wrapped graphene oxide, reduction and functionalization of
intermediate SDBS-wrapped CMG with diazonium salts®'. RT, room temperature. Reproduced with permission from ref. 51. © 2008 ACS. d, TiO,-graphene
hybrid and its proposed response under UV excitation®”. Reproduced with permission from ref. 57. © 2008 ACS. e, Chemical route to produce aqueous
suspension of reduced graphene oxide®. (1) Oxidation of graphite to synthesize graphite oxide. (2) Exfoliation of graphene oxide in water by sonication

of graphite oxide. (3) Controlled reduction of graphene oxide sheets by hydrazine yielding a colloidal suspension of conductive CMG sheets, which are
stabilized by electrostatic repulsion (© 2008 NPG).

been reported. An aqueous suspension (0.5 mg ml™) of reduced  that shifting to pH 10 converts neutral carboxylic groups to nega-
graphene oxide sheets under basic conditions (pH 10) was tively charged carboxylate groups, so that when the interior of the
described in ref. 36. The graphene oxide was reduced by hydrazine, = graphene oxide sheets are reduced by hydrazine, the negatively
and excess hydrazine was removed by dialysis. It was suggested charged particles do not agglomerate®; see Fig. 2e. Paper-like
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Table 2 | Electrical properties of conductive CMG-based materials

Ref. Forms

Electrical properties

36, 41 Free-standing paper

Conductivity (10> S m™): 72 (air dried),
120 (dried at 220 °C), 350 (dried at 500 °C)

39 Free-standing paper Conductivity: 2 x102S m"™’

40 Free-standing paper Conductivity: 6.9 x 10?Sm™

42 Thin evaporated film (-3 um thick) on a glass slide Conductivity: 12.5x10?Sm™

47 Powder Conductivity: 2x102Sm™
55,56 Powder Conductivity: (10-23) x 102Sm™’
57 Drop-cast film on a substrate Resistance: 30.5 kQ

59 Thin film (~30 nm thick) on the alumina membrane by filtration Conductivity: 65x10?Sm™

61 Single graphene nanoribbon sheet Semiconducting behaviour

62 Multilayer Langmuir-Blodgett film Resistance: 8-150 kQ)

materials made by filtration and then dried in air showed good
electrical conductivity (~7,200 S m™)%.

In other work, an aqueous suspension (7 mg ml™) of partially
reduced graphene oxides was produced, under basic conditions, by
hydrazine reduction of KOH-modified graphene oxides®. It was
suggested that the K* ions and the carboxylate anions at the edges
of the CMG sheets formed ion pairs. The electrical conductivity of
air-dried ‘paper’ made from this material was ~690 S m™.

In a third approach*’, a graphene-based suspension was pro-
duced in three reaction steps: (1) ‘pre-reduction’ of graphene oxide
by NaBH,; (2) sulphonation by aryl diazonium salt of sulphanilic
acid; and (3) ‘post-reduction’ of aqueous sulphonated graphene
(2 mg ml™', pH 3-10) with hydrazine. The sulphonated graphene
sheets of step 2 could be dispersed in water (2 mg ml™, pH 3-10),
and after the post-reduction step the CMG sheets could be dis-
persed in mixed solvents of water with certain organic solvents. It
was suggested that covalent functionalization in the CMG sheets
by sulphonyl groups was occurring. The electrical conductivity of
the thin evaporated film on a glass slide after drying at 120 °C was
reported to be 1,250 S m™' (ref. 42).

A suspension of reduced graphene oxide sheets (some with lat-
eral dimensions of up to ~20 mm x 40 mm) in anhydrous hydra-
zine was produced by stirring graphene oxide paper in anhydrous
hydrazine (10 ml for 15 mg of graphite oxide) for one week in a
nitrogen-filled dry box*. The resulting CMG on SiO, was reported
to be ~0.6 nm in height, measured by AFM. The anhydrous
hydrazine thus acts both as a reduction agent of graphene oxide
sheets and as a dispersing solvent in this approach. The individual
CMG sheets were tested as a field-effect transistor and showed
p-type behaviour®2.

Thermal treatment of graphite oxide is another route that
has been used to obtain reduced platelets. Rapid heating
(>2,000 °C min™') up to 1,050 °C exfoliates as well as reduces
graphite oxide, yielding a black powder®™. The platelets have a
similar oxygen content (atomic C/O ratio, 10.3; elemental analysis
by combustion) to that of hydrazine-reduced graphene oxide, and
a powder conductivity in the range of (1-2.3) x 10° S m™" has been
reported®>*. The thermally reduced graphene sheets could be dis-
persed in several organic solvents (0.1 mg ml™) and their colloidal
suspension was used to fabricate a set of composites of reduced
graphenes and polymers'.

Graphenes from other graphite derivatives

Graphite, graphite intercalation compounds or expandable
graphites (which are a particular type of graphite intercalation
compound) have been used as starting materials in obtaining
colloidal dispersions of single-layer graphene sheets. Ideally, the
use of graphite, graphite intercalation compounds or expand-

able graphites allows production of dispersions of high-quality
graphene sheets (almost pristine graphene; see below). Colloidal
suspensions of graphene sheets in organic solvents such as
NMP were obtained by sonication of graphite powder in ref. 59.
Although the concentration (0.01 mg ml™) of the suspension and
yields (1-12 wt%) of single-layer graphene were not high, high-
quality graphene was reported. ‘Good’ solvents for a homogeneous
colloidal suspension were classified using a model that included
the surface energy of graphene and the cohesive energy of the
solvent. Measurements on very thin films made from these sheets
yielded, for example, an electrical conductivity of ~6,500 S m™ at
~42% of optical transparency. After the films had been dried at
400 °C, residual NMP had not been completely removed and was
estimated to be 7% by weight™.

In ref. 60, a homogeneous colloidal suspension of graphene
sheets or ribbons was produced by stirring the ternary potassium
salt K(THF),C,, (which is a graphite intercalation compound) in
NMP. The sheets or ribbons (length, ~40 mm) were measured to
be 0.35-0.4 nm thick (ambient scanning tunnelling microscopy
on highly oriented pyrolytic graphite substrate(s) and by ambi-
ent AFM on mica substrate(s)) close to the interlayer separation
in graphite 0.335 nm thick. The suspension was air sensitive, but
after drying by being dropped onto a surface, the resulting deposits
were stable when exposed to air.

Polymer-coated graphene sheets in organic solvents obtained
using expandable graphite have been reported in refs 61 and 62.
Commercial expandable graphite was thermally treated at high
temperature (1,000 °C) for a short time (1 min)®'. Further sonica-
tion of the expanded material in dichloroethane solution of poly(m-
phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV)
produced a suspension (0.1 mg ml™) of semiconducting single-
layer or few-layer CMG nanoribbons (of width less than ~10 nm)
with adsorbed polymer®. Another approach taken was exfoliation
by heating at 1,000 °C for 1 min, re-intercalation with oleum and
expansion with tetrabutylammonium hydroxide (Fig. 3a)®. The final
suspension of graphene sheets, coated in 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-5000]
(DSPE-mPEG), was produced by sonication in DMF, with ~90%
of the sheets reported as individual CMG sheets on the basis of
AFM measurements®.

An aqueous suspension of organic-molecule-coated graph-
ene sheets using expandable graphite was reported in ref. 63. The
expandable graphite was rapidly heated to 1,000 °C for 1 min and
the resulting expanded graphite was mixed with 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ) in the presence of several drops
of dimethyl sulphoxide (DMSO). Then a black suspension (15-
20 mg ml™) of single- or few-layer TCNQ-coated graphene sheets
in water was produced by sonication of the dried mixture. It was
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Figure 3 | Graphene sheets from graphite derivatives. a, Production of colloidal suspension of polymer-coated CMG sheets from graphite intercalation
compounds®?. (1) Exfoliated graphite reintercalated with sulphuric acid between the layers. (2) Insertion of tetrabutylammonium hydroxide (TBA) into the
intercalated graphite. PEG, polyethyleneglycol. (3) CMG sheets coated with polymer molecules and a photo of the suspension in dimethylformamide.

(© 2008 NPG). b, Graphene sheets ionic-liquid-modified by electrochemistry using graphite electrodes®. Left, experimental set-up diagram; right,
exfoliation of the CMG sheets from the graphite anode. Reproduced with permission from ref. 64. © 2008 Wiley.

suggested that TCNQ anions adsorb on graphene sheets and
stabilize them in water®. The TCNQ-stabilized graphene sheets
were also dispersed in highly polar solvents (DMF and DMSO).
Electrochemical treatment of graphite was used in ref. 64 to
generate a colloidal suspension of CMG sheets. The commer-
cial graphite rods used as anode and cathode electrodes were
immersed in a phase-separated mixture of water and imidazolium-
based ionic liquids (Fig. 3b). After potentials of 10-20 V had been
applied, it was claimed that ionic-liquid-functionalized graphene
sheets originating from the graphite anode precipitated. Dried
CMG could be re-dispersed in polar aprotic solvents (1 mg ml™")

after sonication. The average thickness of the CMG sheets from
such a DMF suspension was measured by AFM and was ~1.1 nm.
It was proposed that the imidazolium radicals, electrochemically
driven, covalently attached to graphene sheets through the break-
ing of m bonds®.

Challenges and perspectives

Colloidal suspensions are of great importance in the preparation
of many types of materials, and the suspensions of CMGs hold
great promise in this regard. Looming issues in terms of wide-
scale applicability include scalability (yield, quantity, cost, etc.),
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the safety of the solvents used and the removal from the product
material (if necessary) of residual solvents or stabilizers used in
the colloid. It is also worth emphasizing that although colloidal
suspensions are normally only regarded as stable if they persist
for very long periods of time, dispersions of CMGs might remain
stable long enough to be processed into something else.

Another critical issue is related to our understanding of the
chemical structure(s) of CMG sheets and their reaction mecha-
nisms. The better our knowledge of the chemistry of these
materials, the better the graphene-based composites, thin films,
paper-like materials and so on that we can make. For example, the
prospects for sensors based on CMG® will hinge on our ability to
chemically tune the CMG for each sensing modality.

So far the graphenes derived by the reduction of graphene oxide
have contained a significant amount of oxygen and, possibly, sig-
nificant numbers of defects. Thermal annealing of reduced graphene
oxide sheets has produced enhanced results®*%, and finding routes for
complete restoration of the sp> carbon network of pristine graphene
is of interest. (The graphenes produced from graphite intercalation
compounds or expandable graphite may have fewer defects, although
they are also produced in lower yields and are less amenable to func-
tionalization than graphenes derived from graphene oxide.)

Finally, we mention the development of new reaction routes
and starting materials as an alternative. The worldwide supply
of natural graphite has been estimated at 800,000,000 tonnes®.
If graphene or very thin platelets of multilayer graphene could
be produced on a large scale by CVD from various precursors,
new routes for creating colloidal suspensions might also be
found, and the supply of graphene/few-layer graphene might be
enormously increased.
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