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G
raphene has zero band gap and

high carrier concentrations and mo-

bilities and, as a result, exhibits re-

markable electronic properties.1,2 For reliable

integration of graphene into practical elec-

tronic devices it is essential to have a simple,

reproducible, and controllable technique to

produce large-area graphene sheets on a

large scale. Micromechanical cleaving,3 ex-

foliation of individual graphene sheets via

sonication in solvent,4,5 and growth of gra-

phene on SiC or nickel substrates6-8 have

been reported as possible techniques to

produce graphene. However, reduction of

graphene from exfoliated graphite oxide/

graphene oxide (XGO) appears to be the

most promising approach for large-scale

production.9-13

XGO can be obtained with a range of O:C

stoichiometries depending on the details of

the particular synthesis. In XGO sheets the

oxygen is bound to the carbon in the form

of hydroxyl and epoxy functional groups14,15

and some carbonyl.16 Several reports sug-

gest that XGO can be reduced to graphene

either chemically by exposing XGO to hydra-

zine (as a hydrate, as anhydroushydrazine, or

as dimethylhydrazine vapor)9,17-19 or by

rapid heating to high temperature11 or, alter-

natively, a combination of both.10,13,16,19 Toxi-

city of hydrazine and the necessity of extreme

temperatures,∼1000 �C for the thermal route,

make it desirable to seek other reduction

methods. Here we describe a new hydra-

zine-free and aqueous only route toward

reduction of graphene from XGO at atmo-

spheric pressure and moderate temperature.

Otherwater-based reduction of graphenehas

been reported previously by Zhou et al.,20

Chen et al.,21 and Chen et al.22

RESULTS AND DISCUSSION

Large exfoliated individual graphene

sheets (GS) were obtained following a three-

step process: (i) transition from graphite into

graphite oxide (GO), (ii) intercalation of GO

withwater to formXGO,and,finally, (iii) exfolia-

tionwith conversion of XGO intoGS. In thefirst

step GO was synthesized from graphite, with

an average particle size of 30 μm, using a

modified Hummer's method23 (the details

can be found in the Supporting Information,

SI). Wide-angle X-ray diffraction (WXRD) mea-

surements were performed on the original

graphite and the obtained GO, Figure 1. Dry

powders of graphite and GO were used here.

Themeasurements confirm the expected shift

in the main peak: the 2θ Bragg angle moved

from 26.5�, corresponding to d0001= 0.34 nm

spacing between atomic planes in graphite, to

10.1� in GO, which corresponds to an inter-

plane distance of d0001= 0.94 nm.24,25

In the second step, GO particles were

dispersed in DI water at a concentration of

about 0.9 mg/mL (pH ≈ 3), then sonicated

for about 1hat roomtemperature26 (at 40 kHz

with power of 100 W). The WXRD measure-

ment from XGO powder, which was filtered

and dried in a vacuum oven at 45 �C for 24 h,

presented in Figure 1, shows further position

reduction and broadening of the Bragg peak

to 2θ=8� (d=1.12 nm).We speculate that the

0.22 nm increase in distance between

exfoliated layers is due to water swelling
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ABSTRACT We report a new, simple, hydrazine-free, high-yield method for producing single-

layer graphene sheets. Graphene sheets were formed from graphite oxide by reduction with simple

deionized water at 95 �C under atmospheric pressure. Over 65% of the sheets are single graphene

layers; the average sheet diameter is 300 nm. We speculate that dehydration of graphene oxide is

the main mechanism for oxygen reduction and transformation of C-C bonds from sp3 to sp2. The

reduction appears to occur in large uniform interconnected oxygen-free patches so that despite the

presence of residual oxygen the sp2 carbon bonds formed on the sheets are sufficient to provide

electronic properties comparable to reduced graphene sheets obtained using other methods.
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of GO during sonication. The increase in d-spacing is

slightly less than the size of a water molecule, ∼0.28

nm. XGO layers are not perfectly flat. A roughness of

∼0.6 nm has been measured,27 which may provide

space to accommodate water molecules.

X-ray photoelectron spectroscopy (XPS) andelemental

analysis (EA) were performed on these XGO sheets.

Figure 2a shows that the C1s spectrum is a super-

position of two strong peaks at 286.2 and 284.4 eV

that are fingerprints of C-O (including epoxy and

hydroxyl groups) and C-C bonds.16,28,29 Decompo-

sition of the C1s XPS spectrum into these main com-

ponents indicates that the fractions of C-O and C-C

bonds in XGO are 70% and 30%, respectively. Although

someCdOandC(dO)-(OH) bonds (with corresponding

peaks at 287.5 and 289.2 eV) are also expected to be

present in XGO,17 no visible amounts are detected in

these samples. Analysis of the XPS measurements, in-

cluding the intensities of the spectra of C and O K-edges,

indicates that the oxygen to carbon ratio in XGO is close

to O:C = 1:2. The same ratio is also found from the

standard EA measurements (see SI). Since it is energeti-

cally favorable for oxygen to be bonded to two carbon

atoms,27 the XPS and EA measurements indicate that at

this stage the XGO sheets are heavily oxidized, which is in

good agreement with previous reports.2,16,28

To obtain GS from these XGO, the sample was heated

in DI water at 95 �C for more than 70 h. XPS measure-

ments performed on the final material show a significant

drop in C-O relative to C-C bonds (see Figure 2b).

Decomposition of the C1s XPS spectrum obtained from

GS into components indicates that the fractions of C-O

and C-C bonds now are 31% and 69%, respectively. The

ratio of oxygen to carbon is reduced to about O:C = 1:6, a

value confirmedby EA (see SI). Stankovich et al.9 reported

that the ratio O:C of hydrazine-reduced XGO can be as

low as 1:10.3. However, the reduction process is accom-

panied by nitrogen incorporation with ratio N:C = 1:16.1,

which results in (OþN):C = 1:6.

Figure 3 shows that at 95 �C the XGO to GS trans-

formation is completed within 48 h. The appearance of

black “fluffy” precipitates at the end of transformation

is indicative of a dramatic increase of nonpolar C-C

bonds and thus reduction. Using the same procedure

at 80 �C did not produce the XGO to GS transformation

even after 5 days. At 120 �C (see SI) GS with the same

characteristics as at 95 �C was obtained after 12 h.

Figure 2. C1s XPS spectra and a simple molecular model
describing the structures (inset on left-hand side) of (a) XGO
and (b) GS showing reduction of C-O bonds from XGO to
GS. The insets in upper-right corners are suspensions of
XGO and GS in DI water (pH ≈ 3), correspondingly.

Figure 1. WXRD measurements from graphite, graphite
oxide (GO), exfoliated graphite oxide (XGO), and graphene
sheets (GS) obtained at different stages of graphite to
graphene transition.

Figure 3. Transformation of XGO to GS in DI water (pH≈ 3)
at 95 �C as a function of time. Initial XGO suspension is
shown in the left vial. After 48 h black and “fluffy” pre-
cipitateswith nonpolar C-C bonds are observed (right vial).
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Despite that a considerable amount of oxygen is still

present in the GS, the sheets have very low electrical

resistance. The ratio of the resistance measured at

room temperature from similarly prepared thin films

of GS as XGO (both with thickness of about 40 μm)

was found to be RGS/RXGO ≈ 4 � 10-5 (see SI). A SEM

image of a typical GS film is presented in Figure 4a.

Such 5 orders of magnitude reduction in resistance

going from XGO to GS was also reported by Stanko-

vich et al.,9 Eda and Chhowalla,10 and Mattevi et al.16

after hydrazine or heat treatment. The resistances of

XGO and GS are highly sensitive to the fractions of

the sp2 and sp3 bonds of carbon atoms in the sheets

and concentration of oxygen atoms, which act as

scattering centers. While reduction of oxygen in XGO

is essential for minimizing the density of scattering

centers, its effects on sp3 to sp2 transitions of carbon

bonds are not clear. Ourmeasurements indicate that,

despite the relatively large fraction of oxygen still

remaining in the GS, the oxygen reduction method

described here provides sheets that contain large

interconnected patches of oxygen-free graphene

with sp2 bonds.

Thicknesses of 300 individual GS were measured

using atomic force microscopy (AFM) (Figure 4 and SI).

The thickness of individual GS is about 1 nm, which is

smaller than 1.6 nm, the reported thickness of XGO,28

consistent with thicknessmeasurements of graphene.31,32

Figure 4. GS reduced from XGO after 48 h at 95 �C in DI water (pH = 3). (a) SEM image of GS film of many GS sheets. (b) AFM
image of a single GS sheet (top) with thickness profile across the flake (bottom). (c) Histogramof number of layers per particle
and (d) sheet sizes of GS.

Figure 5. (a) Low-magnification TEM image of GS suspended over holey-carbon film showing typical wrinkles occurring in
most sheets. (b) High-magnification TEM image of GS showing amorphous and crystalline regions. (c) FFT from crystalline
regions of the image in (b) showing hexagonal symmetry. (d) Schemetic of (b) where hexagons represent crystalline regions
and gray represents amorphous. (e) Electron diffraction pattern fromGS. (f) Change in intensity of 1010 spot as theGS is tilted
relative to incident beam.
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The statistical analysis of AFM measurements indicates

that approximately 65% of the sheets are single layers

(with thicknesses ranging from 0.6 to 1.2 nm), 27% are

double layered (1.2-2.4 nm), and the remaining 8% are

multilayered (>2.4 nm; Figure 4c). The averagediameter of

GS is∼300 nm (see Figure 4d).

Transmission electronmicroscopy (TEM)was used to

further analyze oxygen-reduced GS. Figure 5a shows a

low-magnification image of a typical GS suspended

over the holey-carbon film covering a standard TEM

copper grid. All expected characteristics of the single

sheet, including numerous wrinkles, can be seen.

Detailed examination of high-resolution images of

individual sheets (see Figure 5b) suggests that the

sheet consists of two regions: (i) large uniform re-

gions of minimum contrast variation and hexagonal

symmetry, which can be seen in the fast Fourier

transform (FFT) pattern shown in Figure 5c, and, (ii)

amorphous-like regions in between with strong con-

trast variation. The uniform areas in the sheets are

characteristic of oxygen-free regions,33 and the fact

that they are connected is consistent with resistance

measurements. These regions make up ∼50% of the

area in the high-resolution image. If we assume that

the area appearing amorphous is due to oxidation

and that the O:C ratio in these areas is 1:2, then based

on the area ratios the total sheets should have an

O:C ratio of 1:6. This is in agreement with our XPS and

EA results.

To confirm that the layers studied here are indeed

single layers of GS, we analyzed the change in intensity

of the 1010 diffraction spot as the sample was tilted

with respect to the incident beam over a range of 30

degrees. For an infinitely thin sample, the intensity

should remain constant as the sample is tilted. A single-

atomic-layer-thin graphene, to a good approximation,

satisfies this condition, and the intensity of the 1010

diffraction spot should remain constant over a large

range of tilt. Meyer et al.33 have shown that this approach

can be used to distinguish between single and bilayer

graphene (in the case of bilayer graphene 4 orders of

magnitude changes in diffracted spot intensity are

expected). Figure 5e shows a diffraction pattern from

GS supported by an amorphous carbon film. Figure 5f

shows the changes in intensity for the 1010 diffraction

spot as a function of tilt angle, confirming that the GS is

indeed a single layer. The fact that the intensity of the

2110 diffracted spot is considerably lower than that of

the 1010 spot provides additional confirmation of a

single layer.4

The oxygen reduction and simultaneous transforma-

tion of the carbon sp3 bonds into sp2 can be explained

by dehydration of XGO in DI water. If hydroxyl groups

and hydrogen atoms are attached to two neighboring

carbons, in an acidic environment they can combine

through dehydration reaction, resulting in H2O and GS

with sp2-bonded carbon atoms. For epoxy groups, the

reduction is a two-step process. If an epoxy group is

Figure 6. Shematic diagrams for reduction of hydroxyl and epoxy groups for XGO to GS transformation.
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attached to carbon atoms of GS with two hydrogen

atoms attached to the neighboring carbons, in an

acidic environment the system will first hydrate, trans-

forming the epoxy group (-O-) to two hydroxyl

groups (-OH), which then reduce to H2O and GS with

sp2-bonded carbon atoms. Schematic diagrams for

both reactions are presented in Figure 6. Since the

presence of hydrogen atoms next to hydroxyl groups is

needed for oxygen reduction, their availability will set

the limit of oxygen reduction in the XGO to GS

transformation, which can explain the presence of

residual oxygen in the GS. Fourier transform infrared

spectroscopy (FTIR) performed on XGO and GS speci-

mens before and after transformation (Figure 7, for

details see SI) supports dehydration as themainmechan-

ism for oxygen reduction. Figure 7 shows significant

reduction of the hydroxyl group34 (2900-3600 cm-1)

and some reduction of epoxy groups.

To achieve deoxydation of XGO sheets in water, a

low pH environment and moderately high tempera-

ture are needed. Hþ catalyst is essential for a dehydra-

tion reaction, where the kinetics of the reaction is

governed by temperature (we observed a 4-fold reac-

tion rate increase going from 95 to 120 �C). It should be

noted that the deoxydation of XGO sheets can also

take place in a basic environment with HO- acting as a

catalyst. Fan et al.35 have reported deoxydation of

graphene oxide sheets in alkaline water. In either case,

the amount of hydrogen atoms bonded to carbon

next to hydroxyl groups sets the limit of oxygen

reduction. The role of Hþ catalyst in dehydration of

XGO is the critical difference between oxygen re-

moval processes in water and in air. Unlike reduction

in water, extremely high temperatures (>600 �C) are

needed to observe any considerable oxygen reduc-

tion in air due to direct thermal excitations.11,16 In

addition thermal reduction often generates CO2,

removing carbon from the sheets, resulting in defect

formation and size reduction.

CONCLUSIONS

We successfully developed a hydrazine-free, high-

yield method to produce single-layer graphene with

high sp2 fraction and conductivity at atmospheric

pressure. Graphene sheets are reduced from exfoliated

graphite oxide/graphene oxide in DI water at pH ≈ 3

within 48 h at a temperature of 95 �C. The graphene

sheets produced according to this method have a

resistivity comparable to graphene sheets produced

using other methods. These measurements, combined

with TEM observations, indicate that while these sheets

are not fully reduced, the presence of large uniform

interconnected oxygen-free patches with sp2 carbon

bonds is sufficient to provide sheets with electronic

properties comparable to other reduced graphene

sheets. We speculate that heating XGO for extended

time in water provides enough energy for dehydration

and transformation of C-C bonds from sp3 to sp2.

METHODS

Synthesis. A solution of 10 g of graphite (SP-1 graphite, from
Bay Carbon) with average particle size of 30 μm, 200 mL of
concentrated sulfuric acid (H2SO4 98%), and 5 g of sodium
nitrate (NaNO3) was prepared. Then 40 g of potassium perman-
ganate (KMnO4) was slowly added to the solution, while keep-
ing the mixture in an ice bath to maintain a temperature of
35 �C. The solution was held in an ice bath until it reached 10 �C.
The solution was then transferred into a bigger container and
was diluted with 2 L of deionized water. Hydrogen peroxide
(H2O2 30%) was then slowly added until the solution turned
green. Graphite oxide was recovered from the solution after a
four-step-wash procedure. After the reduction, the clear water
was removed and the black precipitate was redispersed in 500
mL of dimethylformamide. The solution was then sonicated for
5 min and was slowly filtered through a PTFE membrane. The
black film was dried in a vacuum oven (<0.05 bar) at 80 �C for
24 h. The dry film with metallic-like appearance was the GS film.

Characterization. A Digital Instrument Nanoscope III Multi-
mode AFM at the College of Science and Engineering Char-
acterization Facility of the University of Minnesota was used

in noncontact mode for measurements. A Surface Science
SSX-100 spectrometer was used to carry out XPS measure-
ments. EA was conducted at Atlantic Microlab, Inc. For EA
measurements the samples of XGO and GSwere initially dried
in a vacuum oven at 25 �C for 5 h.

Electrical Resistivity Measurements. Electrical resistance of XGO
and GS films with different thicknesses was measured using the
van der Pauw method. All samples were measured in a four-wire
van der Pauw configuration with indiummetal contacts. Measure-
ments were made using an LR-700 ac resistance bridge at an
excitation frequency of 20 Hz. All contacts were found to be ohmic
down to the lowest temperature of measurement, and resistance
anisotropies were small.

Transmission Electron Microscopy. For these experiments, FEI
Tecnai F30 300 keV (S)TEM at the University of Minnesota was
used. The microscope is equipped with a Schottky field emission
gun and a high-resolution pole piece with a spherical aberration
coefficient of Cs= 1.3mm. The operational conditions of TEMwere
optimized to minimize possible electron-beam-induced damage.
Under these conditions no visible specimen damage was ob-
served during high-resolution TEM image acquisitions.

Figure 7. Fourier transform infrared spectra from XGO and
GS. The spectra were recorded in transmission mode.
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