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A B S T R A C T

We prepared hydrazine-reduced materials from both graphite oxide (GO) particles, which

were not exfoliated, and completely exfoliated individual graphene oxide platelets, and

then analyzed their chemical and structural properties by elemental analysis, XPS, TGA,

XRD, and SEM. Both reduced materials showed distinctly different chemical and structural

properties from one another. While hydrazine reduction of graphene oxide platelets pro-

duced agglomerates of exfoliated platelets, the reduction of GO particles produced particles

that were not exfoliated. The degree of chemical reduction of reduced GO particles was

lower than that of reduced graphene oxide and the BET surface area of reduced GO was

much lower than that of reduced graphene oxide.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, which has a two dimensional structure consisting

of an sp2 carbon network with a thickness of one atom, is of

both fundamental interest and also for a wide range of poten-

tial applications due to its excellent mechanical, thermal, and

electrical properties [1–6]. The reduction of electrically insu-

lating graphene oxide, which is exfoliated from graphite

oxide (GO), and use of the colloidal suspensions of reduced

graphene oxide is one of the most promising ways to produce

electrically conducting graphene-based platelets on a large

scale [7–11], and thus its potential in composites [12–14],

paper-like materials and thin films [15,16], as substrates

[17,18], as a coating layer [19], and as transparent conductive

films [20,21]. Graphene oxide has a wide range of oxygen

functionalities, such as 1,2-epoxide and alcohol groups on

the basal planes, and carboxyl and ketone groups at the edges

[22–25]. It is well-known that significant amounts of these

oxygen functional groups are removed by chemical reduction

using reductants, producing electrically conducting platelets

[26]. In this work, we compare the reduction of individual
er Ltd. All rights reserved
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graphene oxide platelets, which are completely exfoliated,

and GO particles, which have not been exfoliated, by

hydrazine.

The degree of reduction of graphene oxide will signifi-

cantly influence the physical properties of chemically

reduced graphene oxide materials, and is dependent on

reaction conditions. For example, it is known that the carbon

to oxygen atomic ratio and electrical conductivity of reduced

graphene oxide varies depending on chemical identity of the

reductants (such as hydrazine, 1,1-dimethylhydrazine, hydro-

quinone, and sodium borohydride) [11,12,26,27]. However, the

effect of other factors (e.g., particle size of graphite, oxidation

methods for preparing GO, reaction temperature, solvents,

etc.) on the reduction is of interest. For example, is there a dif-

ference in the chemistry of exposure to hydrazine of graph-

ene oxide platelets, which are completely exfoliated, and GO

particles, which are not? Oxygen functional groups projecting

into the interlamellar spaces between adjacent layers in GO

particles may have different reaction environments (perhaps

due to steric hindrance) than completely exfoliated graphene

oxide platelets. The compliance of almost atom-thick layers is
.
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also such that the suspended individual layers (i.e., graphene

oxide platelets) are likely not as topologically constrained as

the layers present in the GO particles. Such considerations

also motivate the work reported here.
2. Experimental

2.1. Sample preparation

2.1.1. Preparation of chemically reduced graphene oxide
(CReGO)
GO was synthesized from natural graphite (SP-1, Bay Carbon,

MI) by a modified Hummers method [28]. A colloidal suspen-

sion of individual graphene oxide platelets in purified water

(3 mg/ml) was prepared by sonication of GO in 2 L batches bath

ultrasound (VWR B2500A-MT) with 3 h. Hydrazine monohy-

drate (1 ll for 3 mg of GO, 98%, Aldrich) was subsequently added

to the suspension. Additional stirring with a Teflon-coated stir-

ring bar in an oil bath held at 80 �C for 12 h yielded a black pre-

cipitation of reduced graphene oxide powder. After cooling to

room temperature, the powder was filtered through a fritted

glass filter (medium pore size), followed by suction-drying un-

der house-vacuum for 12 h. The resulting black material was

dried under vacuum using a mechanical pump.

2.1.2. Preparation of chemically reduced graphite oxide (RGO)
GO powder was added to a flask containing purified water

(3 mg/ml). Immediately after addition, hydrazine monohy-

drate (1 ll for 3 mg of GO) was added to the mixture and the

flask was immersed into an oil bath at 80 �C. After additional

stirring for 12 h, the resulting black powder was filtered and

dried following the same method as for CReGO.

2.2. Characterization

XPS measurements of powder samples were performed with

an Omicron ESCA Probe (Omicron Nanotechnology, Taunus-

stein, Germany) using monochromatic Al-Ka radiation

(hm = 1486.6 eV). Atlantic Microlab, Inc. (www.atlanticmicrolab.

com) did the elemental analysis of the powder samples. Scan-

ning electron microscope (SEM) images were taken by an FEI

Quanta-600 FEG Environmental SEM. The thermogravimetric

analysis (TGA) of powder samples was measured with a Per-

kin–Elmer TGA 4000 using a 1�/min heating rate under nitro-

gen flow (20 ml/min). X-ray diffraction (XRD) of the powder

samples was recorded for 2h values from 10� to 50� in order

to characterize the interlayer spacing. The characterization

was done in a Phillips powder X-ray diffractometer at 40 keV

and 30 mA with a step size of 0.02� and a dwell time of 2.0 s.

Samples were mounted using a low melting temperature

wax onto a special quartz substrate (cut 6� from (0 0 0 1)) de-

signed to minimize the background signal. BET surface area

measurements were done using a Quantachrome Instruments

Nova 2000.
3. Results and discussion

In this work, we chemically reduced two samples in water:

aqueous slurry containing GO particles, and separately, a
homogeneous colloidal suspension of exfoliated graphene

oxide platelets, which was generated by simple sonication

in water (Fig. 1a and b). To minimize exfoliation of the thin

GO platelets in such slurry, hydrazine was added to the flask

immediately after the addition of GO particles into the flask

filled with the de-ionized water. Each reaction flasks were

then separately immersed in an oil bath held at 80 �C, under

stirring with a magnetic bar. Among several chemical reduc-

tants reported [7,11,12,26,27], we chose hydrazine monohy-

drate, which is the most frequently used reductant due to

its simple reduction procedure and generation of highly re-

duced graphene oxide with excellent physical properties

[9,26,28,29].

Powder samples of chemically reduced graphene oxide

(CReGO) and reduced GO (RGO) were both black in color, as

is typically observed for reduced graphene/graphite oxide

materials. A scanning electron microscope (SEM) image of

fluffy CReGO powder shows agglomeration of the exfoliated

platelets (Fig. 1c), while that of RGO powders shows thick par-

ticles that have not been exfoliated along with outer layers

that have slightly delaminated during reduction with stirring

(Fig. 1d and e).

Elemental analysis by combustion was used to investigate

the degree of reduction of the powder samples. The C/O

atomic ratio of GO was �1.2, which includes the contribution

of water molecules trapped in the hydrophilic GO particles.

The C/O ratio of CReGO was �10.2, indicating that many oxy-

gen atoms were removed by the chemical reduction. In con-

trast, the C/O ratio of RGO (�5.0) suggests that GO particles

are reduced by reaction with hydrazine; however, the degree

of reduction of RGO was lower than that of CReGO. Addition-

ally, an N component has been found in materials that are

produced by reduction of graphene oxide with hydrazine

(NH2NH2) [26]. Although the chemical structure(s) and reac-

tion mechanism(s) associated with these N species in reduced

graphene oxide are not yet understood, it is thought that the

N atoms come from hydrazine during reduction. The C/N ra-

tio of CReGO was �22.7, while that of RGO was �49.5, indicat-

ing that the RGO has fewer N atoms than CReGO and

presumably indicating lower degree of reduction of RGO than

of CReGO.

Chemical analysis of powder samples of GO, RGO, and

CReGO was conducted by X-ray photoelectron spectroscopy

(XPS, Fig. 2a). The C1s XPS spectrum of GO shows two large

peaks at 284.6 eV, corresponding to sp2 carbon components,

and at 286.7 eV, corresponding to C–O single bond compo-

nents of hydroxyl and 1,2-epoxide functionalities, and shows

a broad small shoulder at approximately 288–289 eV, corre-

sponding to C@O double bond components of carboxyl and

ketone functionalities [30]. The peaks corresponding to those

oxygen functional groups in the spectrum of RGO were signif-

icantly decreased by the hydrazine reduction; however, the

spectrum still shows small peaks in that region. On the other

hand, the spectrum of CReGO indicates a higher degree of re-

moval of oxygen components by the hydrazine reduction

than that of RGO. The elemental analysis and XPS spectra

suggest that the degree of reduction of RGO is lower than that

of CReGO.

Thermogravimetric analysis (TGA, Fig. 2b) graphs show

weight profiles of powder samples as variation of temperature

http://www.atlanticmicrolab.com
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Fig. 1 – Photos of (a) a mixture of graphite oxide particles in water and (b) a homogeneous aqueous colloidal suspension of

graphene oxide. SEM images of (c) CReGO and (d), (e) RGO.

Fig. 2 – (a) C1s XPS spectra and (b) TGA curves of GO, RGO, and CReGO.
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(heating rate, 1�/min) under N2 flow. Weight loss (�11 wt%) of

the GO up to 100 �C could be primarily due to evaporation of

water molecules held in the samples [26,28]. A comparatively

small amount (�1 wt%) of weight loss by CReGO in this tem-

perature region indicates that CReGO does not contain much

water as previously reported [26]. In contrast, RGO showed

much lower weight loss (�3 wt%) than GO, indicating a less

amount of water absorbed by the RGO than by the GO. How-

ever, the weight loss is higher than that of CReGO. While GO

exhibited significant weight loss (�34 wt%, contributed by

combination of evaporation of water and removal of labile

oxygen functional groups) [23,26] from 100 to 210 �C, the CRe-
GO lost much less weight (�2 wt%) in this region, suggesting

that a significant amount of the water and labile oxygen

groups were removed by the hydrazine reduction. Interest-

ingly, the RGO lost approximately 8 wt% in this region, indicat-

ing that the RGO was reduced by hydrazine but that the degree

of reduction of RGO is lower than that of CReGO.

X-ray diffraction (XRD, Fig. 3) pattern of GO powder shows

a larger interlayer spacing than that of graphite (GO, major

peak at 10.6� 2h corresponding to an interlayer spacing of

8.32 Å compared with graphite’s major peak from (0 0 2) at

26.53 2h corresponding to 3.36 Å), due to the oxygen

functional groups of GO as well as water molecules held in



Fig. 3 – XRD patterns of GO, RGO, and CReGO.
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the interlayer galleries of hydrophilic GO [31]. In the XRD pat-

tern of CReGO (which is exfoliated into individual platelets

and then agglomerated into a powder form), the major peak

is observed at about 23–24�. This gives an interlayer spacing

of approximately 3.7–3.8 Å. This interlayer spacing is much

smaller than the 8.32 Å for GO, and is closer to the (0 0 2)

graphite peak of 3.36 Å. The RGO powder shows a broad peak

at a similar position to CReGO. Additionally, it has a broad

shoulder at 2h = 18.5� (confirmed by separate measurements

of two different RGO batches), presumably induced by a bimo-

dal or multimodal character of the interlayer spacing of RGO

powder. The surface area as measured by the BET method

(calculated by N2 gas adsorption on the surface of the materi-

als) of RGO (�82 m2/g) is much lower than that of CReGO

(�487 m2/g). Since the RGO has largely maintained its layered

structure, the surface area of RGO could be much lower than

that of CReGO which has been completely exfoliated.

Although the reduction mechanism of RGO is not known

with certainty, based on these results we think that the reduc-
Fig. 4 – Representative scheme to show a degree of reduction

of graphite/graphene oxides.
tion starts from the edges of GO particles and proceeds into

the basal planes (Fig. 4). During the reduction, parts of the ba-

sal planes near the edges become reduced and subsequently

snap together due to p–p interactions, thus narrowing the

interlayer distance. Consequently, the reducing agent, hydra-

zine, cannot penetrate further into the interior of the RGO

particles, presumably leading to the lower degree of reduction

of RGO relative to CReGO.
4. Conclusion

We prepared hydrazine-reduced materials from both GO par-

ticles, which were not exfoliated, and completely exfoliated

individual graphene oxide platelets, and then analyzed their

chemical and structural properties by elemental analysis,

XPS, TGA, XRD, and SEM. Both reduced materials showed dis-

tinctly different chemical and structural properties from one

another. While hydrazine reduction of graphene oxide plate-

lets produced agglomerates of exfoliated CReGO platelets,

the reduction of GO particles produced RGO particles that

were not exfoliated. The degree of chemical reduction of

RGO particles was lower than that of CReGO and the BET sur-

face area of RGO was much lower than that of CReGO. We be-

lieve that this information will be useful to further

understand properties of chemically reduced graphene oxide

materials and to help developing consistent methods to pro-

duce these materials.
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