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Abstract

Reduction of a colloidal suspension of exfoliated graphene oxide sheets in water with hydrazine hydrate results in their aggregation
and subsequent formation of a high-surface-area carbon material which consists of thin graphene-based sheets. The reduced material was
characterized by elemental analysis, thermo-gravimetric analysis, scanning electron microscopy, X-ray photoelectron spectroscopy,
NMR spectroscopy, Raman spectroscopy, and by electrical conductivity measurements.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Graphite-like nanoplatelets have recently attracted
attention as a viable and inexpensive filler in composite
materials [1-3] that can be used in many engineering appli-
cations, given the excellent in-plane mechanical, structural,
thermal, and electrical properties of graphite [4]. These
excellent properties may be relevant at the nanoscale if
graphite can be exfoliated into thin nanoplatelets, and even
down to the single graphene sheet level [5].

Graphite nanoplatelets have often been made from
expanded graphite, which in turn was produced from
graphite intercalation compounds via rapid evaporation
of the intercalant at elevated temperatures. For example,
rapid thermal expansion of sulfuric acid-intercalated
graphite, followed by a suitable treatment to produce plate-
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lets/nanoplatelets from the expanded material (ball milling
or exposure to ultrasound) has been recently demonstrated
[6-13]. Although this simple method has been applied
on a large scale to commercially available sulfuric acid-
intercalated graphite, it never results in complete exfoliation
of graphite to the level of individual graphene sheets. The
extent of thermal expansion (and therefore the platelet
thickness) is dependent on the type of graphite used and
on the intercalation procedure [14,15]. With few exceptions
[3], the graphite nanoplatelets obtained via this process typ-
ically consist of hundreds of stacked graphene layers
(assuming that the thickness of one layer is equal to the
interlayer separation in graphite, 0.34 nm) and average
between 30 and 100 nm in thickness.

In addition to the thermal expansion route, the delami-
nation of intercalated graphite can sometimes be achieved
by inducing a gas-producing chemical reaction within its
interlayer galleries (chemical expansion). For example, a
low-temperature chemical expansion route to graphite
nanoplatelets and nanoscrolls, based on potassium-interca-
lated graphite, has been reported [16,17]. However, this
approach could not be reproduced in our laboratory even
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with a duplication of the expensive ultra-high-intensity
ultrasonic equipment reported therein.

Given our interest in the preparation of graphene-based
materials [18-20], we set out to develop a general and
reproducible approach for the preparation of graphene
sheets from graphite. After numerous failed attempts to
create graphene-based sheets via graphite intercalation
compounds, we decided to use graphite oxide (GO) as
one possible route for meeting this challenge. Our basic
strategy involved the complete exfoliation of GO into indi-
vidual GO sheets followed by their in-situ reduction to pro-
duce individual graphene-like sheets [19,20]. Herein, we
describe the detailed process for the reduction of exfoliated
GO sheets with hydrazine and the characterization of the
resulting material. In particular, we present evidence to
support the claim that GO can be completely exfoliated
into individual graphene oxide sheets and that chemical
reduction of such sheets can furnish graphene-like sheets.

GO is produced by the oxidative treatment of graphite
via one of three principal methods developed by Brodie
[21], Hummers [22], and Staudenmeier [23], respectively.
It still retains a layered structure, but is much lighter in
color than graphite due to the loss of electronic conjuga-
tion brought about by the oxidation. According to the
most recent studies [24-29], GO consists of oxidized graph-
ene sheets (or ‘graphene oxide sheets’) having their basal
planes decorated mostly with epoxide and hydroxyl
groups, in addition to carbonyl and carboxyl groups
located presumably at the edges (Lerf-Klinowski model).
These oxygen functionalities render the graphene oxide lay-
ers of GO hydrophilic and water molecules can readily
intercalate into the interlayer galleries. GO can therefore
be also thought of as a graphite-type intercalation com-
pound with both covalently bound oxygen and non-cova-
lently bound water between the carbon layers. Indeed,
rapid heating of GO results in its expansion and delamina-
tion caused by rapid evaporation of the intercalated water
and evolution of gases produced by thermal pyrolysis of
the oxygen-containing functional groups [30]. Such thermal
treatment has recently been suggested to be capable of pro-
ducing individual functionalized graphene sheets [30].

By nature, GO is electrically insulating (see below) and
thus cannot be used, without further processing, as a con-
ductive nanomaterial. In addition, the presence of the oxy-
gen functional groups makes GO thermally unstable, as it
undergoes pyrolysis at elevated temperatures [31,32]. Nota-
bly, it has been demonstrated that the electrical conductiv-
ity of GO (and presumably its thermal stability as well) can
be restored close to the level of graphite by chemical reduc-
tion [33-36]. Such reductions of GO, however, have not
been studied in great detail. To that end, we have examined
the chemical reduction of exfoliated graphene oxide sheets
with several reducing agents and found hydrazine hydrate
(H,NNH, - H,0) to be the best one in producing very thin
graphene-like sheets, consistent with previous reports
[31,32]. High-resolution scanning electron microscopy
(SEM) also provided us with evidence of thin sheets. Here

we report a comprehensive study of this reduced material
by elemental analysis, X-ray photoelectron spectroscopy
(XPS), gas adsorption, solid state NMR spectroscopy,
Raman spectroscopy, thermo-gravimetric analysis (TGA),
SEM, and electrical conductivity measurements.

2. Experimental
2.1. Materials and methods

GO was prepared from purified natural graphite (SP-1, 30-um nominal
particle size, Bay Carbon, Bay City, MI) by the Hummers method [22].
SEM images were obtained with a field emission gun scanning electron
microscope (LEO1525, Carl Zeiss SMT AG, Oberkochen, Germany).
Samples for AFM imaging were prepared by depositing colloidal suspen-
sions of GO on freshly cleaved mica surfaces (Ted Pella Inc., Redding,
CA). AFM images were taken on a MultiTask AutoProbe CP/MT Scan-
ning Probe Microscope (Veeco Instruments, Woodbury, NY). Imaging
was done in non-contact mode using a V-shape “Ultralever” probe B
(B-doped Si with frequency f. = 78.6 kHz, spring constants k= 2.0—
3.8 N/m, and nominal tip radius r = 10 nm, Park Scientific Instruments,
Woodbury, NY). All images were collected under ambient conditions at
50% relative humidity and 23 °C with a scanning raster rate of 1 Hz.

Surface area analysis was performed with a Micromeritics ASAP 2010
Analyzer (Micromeritics Instrument Corporation, Norcross, GA). The
samples were outgassed at 3 mTorr and 150 °C for 24 h prior to analysis.
Elemental analyses and Karl-Fisher titration were performed by Galbra-
ith Laboratories (Knoxville, TN). XPS measurements were performed
using an Omicron ESCA Probe (Omicron Nanotechnology, Taunusstein,
Germany) with a monochromated Al K, radiation (hv = 1486.6 eV). TGA
was performed under a nitrogen flow (100 mL/min) using a TA Instru-
ments TGA-SDT 2960 on sample sizes from 5 to 6 mg, and the mass
was recorded as a function of temperature. The samples were heated from
room temperature to 800 °C at 5 °C/min. To avoid thermal expansion of
the GO due to rapid heating, GO samples were also heated from room
temperature to 800 °C at 1 °C/min.

Solid-state FT-NMR spectra were recorded on a Chemagnetic CMX
400 instrument equipped with a 4-mm magic angle spinning (MAS) probe
at a magnetic field of 9.4 T. The neat samples (28 mg each) were spun at
9.4 kHz to average the anisotropic chemical shift tensor. Spectra based
on free induction decays with moderate decoupling power were averaged
over 18,000 scans with a recycle delay of 8s. The 90° pulse is 2.5 ps as
determined by acquisition on adamantane. Solid adamantane (38.3 ppm)
was also used as the external reference for '*C chemical shift based on
the TMS scale. Raman spectra were recorded from 200 to 2000 cm ™' on
a Renishaw 2000 Confocal Raman Microprobe (Rhenishaw Instruments,
England) using a 514.5-nm argon ion laser.

2.2. Reduction of exfoliated GO with hydrazine hydrate

In a typical procedure, GO (100 mg) was loaded in a 250-mL round-
bottom flask and water (100 mL) was then added, yielding an inhomoge-
neous yellow-brown dispersion. This dispersion was sonicated using a
Fisher Scientific FS60 ultrasonic bath cleaner (150 W) until it became clear
with no visible particulate matter. Hydrazine hydrate (1.00 mL,
32.1 mmol) was then added and the solution heated in an oil bath at
100 °C under a water-cooled condenser for 24 h over which the reduced
GO gradually precipitated out as a black solid. This product was isolated
by filtration over a medium fritted glass funnel, washed copiously with
water (5 x 100 mL) and methanol (5 x 100 mL), and dried on the funnel
under a continuous air flow through the solid product cake.

2.3. Sample preparation and measurement of electrical conductivity

The electrical conductivity of the graphitic powders was measured at
different apparent densities (created by compressing the samples to varying
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degrees) by a method similar to that described in the literature [37]. Briefly,
a given quantity of powder was poured into a glass tube (ID = 5 mm) and
manually compressed between two copper plungers that fit closely to the
tube ID. A DC power supply (Agilent 6613C, Agilent Technologies, Santa
Clara, CA), picoampere meter (Keithley 6485, Keithley Instruments,
Cleveland, OH), and multimeter (HP 34401A, Hewlett-Packard, CA)
were connected to measure DC conductivity by a two-probe method.
A digital micrometer (Mitutoyo Corporation, Kanagawa, Japan) was used
to measure the height of the powder column at each compression step.

In the present work, values for electrical conductivity for pristine
graphite, GO, and reduced GO, were determined by fitting the experimen-
tal data to the equation: o. = oy [(¢ — P)/(1 — ¢po)], derived from the
general effective media (GEM) equation [38,39] with an assumption that
the conductivity of the low-conductive phase (air) is zero. In this expres-
sion o is the conductivity of the composite medium, o}, and ¢ are the con-
ductivity of the highly-conductive phase and their volume fraction,
respectively, ¢. is the percolation threshold, and k is a critical exponent
related to the percolation threshold and to the shape of the particles. This
formula has identical form as in the geometrical percolation model (GPM)
[40], with the exception of the critical exponent, k, which may have values
different from the universal value of 2 as determined for the 3-dimensional
GPM.

The two fitting parameters in the GEM equation are o}, and k. The per-
colation threshold, ¢, is determined as a ratio of the apparent powder
density before compression, dj,, and the apparent density of the particles,
dy. The bulk density of graphite (2200 kg/m?) has been used in all cases as
a value for d,. This assumption has been proven to be correct within an
accuracy of 5% by measuring the apparent density of powder samples that
were compressed at a pressure of 300 MPa.

3. Results and discussion
3.1. Exfoliation of GO in water

An important property of GO, brought about by the
hydrophilic nature of the oxygenated graphene layers, is
its easy exfoliation in aqueous media. As a result, GO read-
ily forms stable colloidal suspensions of thin sheets in water
[41,42]. After a suitable ultrasonic treatment, such exfolia-
tion can produce stable dispersions of very thin graphene
oxide sheets in water [18,19] These sheets are, however, dif-
ferent from graphitic nanoplatelets or pristine graphene
sheets due to their low electrical conductivity.

In our work, sufficiently dilute colloidal suspensions of
GO prepared with the aid of ultrasound are clear, homog-
enous, and stable indefinitely [18]. AFM images of GO
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exfoliated by the ultrasonic treatment at concentrations
of 1 mg/mL in water always revealed the presence of sheets
with uniform thickness (~1 nm; an example is shown in
Fig. 1). These well-exfoliated samples of GO contained
no sheets either thicker or thinner than 1 nm, leading to
a conclusion that complete exfoliation of GO down to indi-
vidual graphene oxide sheets was indeed achieved under
these conditions. While a pristine graphene sheet is atomi-
cally flat with a well-known van der Waals thickness of
~0.34 nm, graphene oxide sheets are expected to be
‘thicker’ due to the presence of covalently bound oxygen
and the displacement of the sp*-hybridized carbon atoms
slightly above and below the original graphene plane.
From XRD experiments, the intersheet distance for GO
varies with the amount of absorbed water, with values such
as 0.63 nm and 0.61 nm reported for “dry” GO samples
(complete drying of GO is probably impossible [28]) to
1.2 nm for hydrated GO [43]. If these values could be
regarded as the “thickness” of a hydrated individual GO
layer, given the uniformity of the observed thicknesses in
our GO materials and that sheets one-half (or any other
inverse integer value, such as one third, etc.) of the mini-
mum thickness obtained by AFM are never observed, the
GO sheets observed by AFM represent fully exfoliated
graphene oxide sheets. (We note that heights significantly
smaller than 1 nm are observable in our AFM experiment;
an example of which is the observation of C;, amine
adsorbed onto freshly cleaved mica from the vapor phase.
This makes the mica hydrophobic in just a few minutes and
when a new clean AFM tip is brought into contact with the
monolayer, some of the C;, amine wicks up the tip and
depletes the monolayer. The resulting voids left in the film
are around 0.2 nm deep. Thus, if platelets with thicknesses
that are less than those observed for the GO sheet samples
discussed herein were present, they would be readily
detected.)

3.2. Reduction of exfoliated GO

During the hydrazine reduction of graphene oxide sheets
dispersed in water, the brown-colored dispersion turns
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Fig. 1. A non-contact mode AFM image of exfoliated GO sheets with three height profiles acquired in different locations.



S. Stankovich et al. | Carbon 45 (2007) 1558—1565 1561

black and the reduced sheets aggregate and eventually pre-
cipitate [18]. The precipitation of the reduced sheets occurs,
presumably due to their becoming less hydrophilic as a
result of oxygen removal (see discussion of elemental anal-
ysis, NMR, and XPS below) and thus increased incompat-
ibility with the aqueous medium. As solvation of the
reduced sheets decreases, the intersheet hydrophobic inter-
actions cause them to aggregate as well as adhere to the
hydrophobic surface of the Teflon-coated stir bar. All of
our attempts to redisperse them in water or obtain stable
dispersions of the reduced sheets in a number of organic
solvents (dimethylformamide, tetrahydrofuran, toluene,
chloroform, or chlorobenzene) failed.

3.3. Characterization of reduced GO

SEM images revealed that the reduced GO material con-
sists of randomly aggregated, thin, crumpled sheets closely
associated with each other and forming a disordered solid
(Fig. 2a). The folded regions of the sheets (Fig. 2b) were
found to have average widths of ~2 nm by high-resolution
SEM. At the resolution limit of our instrument (see caption
of Fig. 2), these data again suggest, but do not prove, the
presence of individual sheets in our reduced GO materials.
The absence of charging during the SEM imaging indi-
cates that the network of graphene-based sheets and the
individual sheets are electrically conductive. This qualita-
tive conclusion was further confirmed by DC electrical
measurements (see below).

Surface area measurement of the reduced GO sheets via
nitrogen gas absorption yielded a BET value of 466 m?/g
(Fig. 3). This high specific surface area is partially an indi-
cation of the degree of GO exfoliation prior to the reduc-
tion. However, it is still lower than the theoretical specific
surface area for completely exfoliated and isolated graph-
ene sheets (~2,620m?/g [20]), potentially due to the
agglomeration of the graphene oxide sheets upon reduc-
tion. While this agglomeration can result in the partial
overlapping and coalescing of the reduced sheets and low-
ers the surface area of the bulk materials, the crumpled
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Fig. 3. Nitrogen adsorption and desorption isotherms for reduced
exfoliated GO. The shape of the isotherm indicates that the material
contains both micro and mesopores [53].

3-dimensional structure of the sheets (see above) still leaves
many exposed surfaces.

Elemental analyses, coupled with Karl-Fisher titration,
show an increase in C/O atomic ratio in the reduced mate-
rial (10.3) compared to the starting GO (2.7) [18]. Karl-
Fisher analysis was performed as GO is a hygroscopic
material and any water that might be trapped between
(or on) its layers would contribute to a higher oxygen con-
tent (water content as high as 25 wt% has been measured in
our GO samples). The reduced GO has a much lower water
content (2.8 wt%), consistent with its hydrophobic nature.
Hence, it can be described as consisting of partially oxi-
dized graphene nanoplatelets, given that some oxygen is
still retained after reduction. The black color of the
reduced GO materials also suggests a partial ‘re-graphitiza-
tion’ of the exfoliated GO. In addition to the decrease in
the oxygen level, the reduction of GO is accompanied by
some nitrogen incorporation from the reducing agent (C/
N =16.1 by elemental analysis), presumably through a
reaction of hydrazine with the carbonyl groups of GO
(see below) [18].

Although GO is thermally unstable and starts to lose
mass upon heating even below 100 °C, the major mass loss
occurs at ~200 °C, presumably due to pyrolysis of the
labile oxygen-containing functional groups, yielding CO,
CO,, and steam [27,44]. Hence, the thermal decomposition

Fig. 2. (a) An SEM image of aggregated reduced GO sheets. (b) A platelet having an upper bound thickness at a fold of ~2 nm. At the resolution limit of
the FEG SEM used here, the following are relevant parameters of the microscope and of the specimen. Of the microscope: spot size and flux of e-beam
(e-current, density, solid angle/aperture size), energy of the electrons in the primary beam, electromagnetic lens alignment, type of detectors used and their
operating parameters. Of the sample: geometry (such as edges, roughness, thickness, and orientation with respect to e-beam), material (such as density,
atomic number, electrical conductivity, and composition), substrate or matrix (what the specimen is affixed to or a part of). There is also the role of the
operator expertise. Thus for (b) and discussion of a measured value for the fold thickness of about 2 nm, we suggest a confidence limit of roughly +1 nm.
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of GO can be accompanied by a vigorous release of gas,
resulting in a rapid thermal expansion of the material. This
is evident by both a large volume expansion and a larger
mass loss (from flying GO debris in the TGA instrument)
during a more rapid heating regime (Fig. 4). On the other
hand, the removal of the thermally labile oxygen functional
groups by chemical reduction results in much increased
thermal stability for the reduced GO. Apart from a slight
mass loss below 100 °C, which can be attributed to the loss
of adsorbed water, no significant mass loss is detected when
this material is heated up to 800 °C.

The '*C MAS NMR spectra of GO and the reduced GO
indicate significant structural change induced by the reduc-
tion. In the spectrum of GO (Fig. 5), the peaks at 57 and
68 ppm represent the '>C nuclei in the epoxide and hydro-
xyl groups, respectively [24-27]. The resonance at 130 ppm
belongs to the un-oxidized sp” carbons of the graphene net-
work and that at 188 ppm presumably arises from the car-
bonyl groups. In the '*C spectrum of the reduced GO, the
peaks from the oxygenated and the carbonyl carbons are
absent. The remaining prominent feature is the resonance
at 117 ppm that is broadened by chemical shift distribu-
tion and corresponds to variations of carbon atom
environments.
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Fig. 4. Normalized TGA plots for GO and the reduced GO. The
downward slopes are due to normal instrument drift.
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Fig. 5. Solid-state '*C MAS NMR spectra of GO (top) and reduced
exfoliated GO (bottom).

Previously, we have employed XPS to analyze GO and
the reduced exfoliated GO [18]. In brief, the C1s XPS spec-
trum of GO (Fig. 6a) clearly indicates a considerable
degree of oxidation with four components that correspond
to carbon atoms in different functional groups: the non-
oxygenated ring C, the C in C-O bonds, the carbonyl C,
and the carboxylate carbon (O-C=0) [45,46]. Although
the Cls XPS spectrum of the reduced exfoliated GO
(Fig. 6b) also exhibits these same oxygen functionalities,
their peak intensities are much smaller than those in GO.
In addition, there is an additional component at 285.9 eV
corresponding to C bound to nitrogen [46]. These observa-
tions are consistent with the elemental analysis data (see
above) and again indicate both considerable de-oxy-
genation by the reduction process as well as nitrogen
incorporation.

The significant structural changes occurring during the
chemical processing from pristine graphite to GO, and then
to the reduced GO, are also reflected in their Raman spec-
tra (Fig. 7). The Raman spectrum of the pristine graphite,
as expected, displays a prominent G peak as the only fea-
ture at 1581 cm ™!, corresponding to the first-order scatter-
ing of the E2g mode [47]. In the Raman spectrum of GO,
the G band is broadened and shifted to 1594 cm ™. In addi-
tion, the D band at 1363 cm™' becomes prominent, indicat-
ing the reduction in size of the in-plane sp® domains,
possibly due to the extensive oxidation. The Raman spec-
trum of the reduced GO also contains both G and D bands
(at 1584 and 1352 cm™ !, respectively); however, with an
increased D/G intensity ratio compared to that in GO. This
change suggests a decrease in the average size of the sp’
domains upon reduction of the exfoliated GO [47], and
can be explained if new graphitic domains were created
that are smaller in size to the ones present in GO before
reduction, but more numerous in number.
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Fig. 6. The Cls XPS spectra of: (a) GO, (b) reduced GO. Adapted from
reference [18].
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Fig. 7. The Raman spectra of SP-1 graphite (top), GO (middle), and the
reduced GO (bottom).

To determine the extent to which the chemical reduction
of exfoliated GO restores the electrical properties of the
graphitic network, we measured the room-temperature
electrical conductivities of compressed-powder samples of
the pristine graphite, GO, and the reduced GO at 30% rel-
ative humidity (Fig. 8). The results of the fits to the exper-
imental data are summarised in Table 1. The extrapolated
intrinsic conductivity, oy, of the reduced GO is probably

Parent graphite

102 | [
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= Reduced GO =~
10°F

F GO
10" F
10-5 L 1 //./ 1 L 1 L 1 L 1 L

0.0 0.1 0.4 0.5 0.6 0.7 0.8

Volume fraction ¢

Fig. 8. Conductivity as a function of the volume fraction of three different
graphitic powders: pristine graphite (SP-1), GO, and reduced GO.

Table 1
Fitting parameters describing percolation transport for the three graphitic
powders shown in Fig. 8

Pristine graphite (SP-1) GO Reduced GO
¢o=dpld,  0.46 0.38 0.055
on [S/m] 2500 £+ 15 0.0206 +0.002 2420 + 200
k 0.56 £ 0.03 1.6 £0.05 0.96 £ 0.02

over-estimated due to the limited data range available as
a result of the low compressibility and possible spatial vari-
ations in the density of the material. More reliable are the
conductivity data for the reduced GO, which can be mea-
sured at higher powder compression. This conductivity
(~2x 10> S/m) is about 5 orders of magnitude better than
the conductivity of GO, and closely approaches that of
pristine graphite (approximately 10 times lower than the
conductivity of pristine graphite powder at only about
10% of the bulk graphite density). Such high intrinsic con-
ductivity of the reduced GO in spite of the presence of oxy-
gen (potential acceptor sites) might be an indication of: (i)
quite conductive particle-to-particle interfaces, which often
determines the overall percolation conductivity; (ii) a very
dense conductive network with many cross-linked connec-
tions; and (iii) possible ionic channels of charge transfer
across the sample. This last mechanism is definitely a dom-
inant one in the electrical conduction of GO powder and a
reason for its high sensitivity to temperature and environ-
mental humidity. In contrast, the conductivity of the
reduced GO is based primarily on inter-particle contacts
and is much less sensitive to environmental conditions.
We stress here that the aforementioned experimentally
determined conductivities greatly depend on the measure-
ment parameters, from the height and cross-sectional area
of the sampled column and the applied pressure to the par-
ticle surface area and aspect ratio, environmental tempera-
ture, and humidity. The last two are especially important in
measurements of GO conductivity due to its hydrophilic
nature. It is therefore not straightforward to obtain an
‘absolute value’ of powder conductivity so that our results
could be compared with others reported in the literature.

3.4. Possible mechanisms for the chemical reduction
of GO by hydrazine

While results from both elemental analysis and XPS
clearly show that reduction of the exfoliated GO results
in considerable removal of oxygen (see above), our '*C
MAS NMR data additionally suggest that the reduction/
de-oxygenation of GO also results in significant restoration
of the sp” carbon sites. The same conclusion can be reached
through the electrical conductivity measurements since the
observed increase in conductivity upon reduction of GO
requires that conductive pathways of conjugated carbon
atoms be re-established. However, it is not chemically
obvious how treatment of GO with hydrazine can lead to
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deoxygenation and the increase in unsaturation that
accompanies re-graphitization (see below).

If the Lerf-Klinowski model (see above) is assumed to
be correct, most of the oxygen functionalities in GO should
be present in the form of either hydroxyl or epoxide groups
[24-27]. Additionally, GO is believed to also contain a
number of carbonyl-containing oxygen functionalities such
as lactones, anhydrides, and quinones. The presence of
these latter moieties can be used to explain the incorpora-
tion of nitrogen into the reduced GO, since hydrazine
can react with anhydrides and lactones to form hydrazides
and with quinones to form hydrazones [48]. However, only
hydrazone formation results in the removal of oxygen. Fur-
ther reduction of the hydrazone to yield a deoxygenated
sp>-carbon can also occur if it is situated adjacent to an
epoxide (Wharton reaction) [49]. The possibility of a
Wolff-Kishner-type reduction of the carbonyl groups
seems unlikely given the low temperature and low basicity
of the reaction media. Nevertheless, these three processes
cannot account for all the removed oxygen during hydra-
zine reduction as carbonyl groups are not believed to be
the dominant oxygen functionalities in GO. The key ques-
tion, therefore, is how oxygen is removed from the epox-
ides and hydroxyls.

Hydrazine is known to readily ring-open epoxides and
form hydrazino alcohols [50]. Though such a reaction path-
way is possible in GO upon hydrazine treatment, it cannot
be the dominant one since ring-opening of the epoxides
with hydrazine in itself would not result in any oxygen
removal. Further, the epoxides in GO are presumably qua-
ternary and thus are not susceptible to a direct nucleophilic
attack due to steric reasons. Finally, the modest extent of
observed nitrogen incorporation also renders this pathway
unlikely to be the only mode of epoxide reaction in GO. It
is possible, however, that the initial derivative produced by
the epoxide opening with hydrazine reacts further via the
formation of an aminoaziridine moiety which would then
undergo thermal elimination of diimide to form a double
bond (Fig. 9) [51,52]. Such a reaction might be further dri-
ven in GO by re-establishment of the conjugated graphene
network.

Ultimately, our analysis still leaves open the question of
how, or even if, the hydroxyl oxygen is removed. The answer
to this intriguing query constitutes a fertile research area
that awaits further investigations by both experimenters
and theorists. A theory that confirms the Lerf-Klinowski
model of GO and lends support to the NMR-evaluated
proportions of tetra-substituted epoxide moieties vs other
oxygen-functionalities, before and after reduction, would
be a significant advancement. In addition, thorough iso-
tope-labeling studies, coupled to sophisticated in-situ spec-

HO

O\ MO

H,N

N-NH,

?&T\MZN—NHZ

Fig. 9. A proposed reaction pathway for epoxide reduction with
hydrazine.

troscopic experiments during the reduction, are necessary
to deconvolute the chemical pathways of GO reduction.

4. Conclusion

In conclusion, reduction of exfoliated graphene oxide
sheets in water with hydrazine results in a material with
graphitic characteristics that are comparable to those of
pristine graphite. On the nanoscale, this carbon-based
material consists of thin graphene-based sheets and pos-
sesses a high specific surface area. The characterization of
the reduced GO indicates that the hydrazine treatment
results in the formation of unsaturated and conjugated car-
bon atoms, which in turn imparts electrical conductivity.
As such, reduced graphene oxide sheets may find use in a
variety of applications such as hydrogen storage and as
an electrically conductive filler material in composites.
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