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We report a simple and effective route to convert graphene oxide sheets to good quality

graphene sheets using hot pressing. The reduced graphene oxide sheets obtained from

graphene oxide by low temperature thermal exfoliation are annealed at 1500 �C and

40 MPa uniaxial pressures for 5 min in vacuum. No appreciable oxygen content was

observed from X-ray photoelectron spectroscopy and no D peak was detected in the Raman

spectrum. The graphene sheets produced had a much higher electron mobility (1000 cm2

V�1 S�1) than other chemically modified graphenes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Since its successful isolation by mechanical exfoliation [1,2],

graphene has attracted a strong recent interest. It is a promis-

ing material for energy-storage, interfacing to biological mate-

rials, for electronic and optical devices, and other applications

[3,4], due to its unique physical, chemical and mechanical

properties, which include high values of Young’s modulus

(�1100 GPa) [5,6], specific surface area (calculated value,

2630 m2 g�1) [7], thermal conductivity (�5000 Wm�1 K�1) [8],

mobility of charge carriers (exceeding 200,000 cm2/V s) at room

temperature [9], saturation velocity (4.5 · 107 cm/s) [10], and

critical current densities (�3 · 109 A/cm2) [11]. Methods of

obtaining C-pure graphene sheets is thus of strategic interest.

A variety of methods exist for synthesizing graphene

sheets with either top-down or bottom-up approaches.
er Ltd. All rights reserved
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Graphene or chemically modified graphene can be made from

four different methods including mechanical exfoliation,

chemical exfoliation, epitaxial growth on SiC and chemical

vapor deposition on metal surfaces [12–16]. Mechanical exfo-

liation, epitaxial growth on SiC, and chemical vapor deposi-

tion yield ‘C-pure’ graphene sheets, which are very useful as

attractive electronic materials for further micro- and nano-

electronics. However, the relatively small yield and high costs

have limited its development in electrodes of lithium ion bat-

teries and supercapacitors, hydrogen storage, composites

reinforcement, catalysis, and so on. ‘Chemical exfoliation’ is

employed for ‘large scale’ (gram-scale and larger) production

of ‘graphene’ sheets. However, the defects and some chemical

functional groups such as hydroxyl (CAOH), carboxyl (C@O,

O@CAOH), and epoxide group (CAOAC) could be introduced

on the graphene sheets inevitably, which alters the physical
.
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and chemical properties. It should be noted that so far the

reduction of oxygen content in reduced graphene oxide (RGO)

is still very difficult [17]. After thermal or chemical treatment,

the C@O and O@CAOH could be partially removed or converted

to a new chemical species (CAOH), whereas the remaining

CAOH or CAOAC in RGO could not be reduced easily, leading

to the degradation of electrical properties of the graphene

sheets. Scalable conversion of chemically modified graphenes

to C-pure graphene sheets still remains a central challenge.

Herein, we report a simple and effective route to convert

graphene oxide (GO) sheets to graphene sheets using hot

pressing. The product materials were assessed by scanning

electron microscopy (SEM), high-resolution transmission

electron microscopy (HRTEM), Fourier transform infrared

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS)

as well as Raman spectroscopy. Significantly, no appreciable

oxygen content was observed from XPS, and in the Raman

spectrum, no D peak was detected, while the G and 2D peaks

characteristic of highly crystalline graphene were readily ob-

served. Moreover, the product graphene sheets had much

higher electron mobility (1000 cm2 V�1 S�1) than other chem-

ically modified graphenes [18–20]. We believe that, highly

crystalline graphene sheets from hot pressing treatment will

provide an opportunity and a possibility to radically overcome

the barrier for further application of graphene.

2. Experimental

2.1. Materials

Graphite powder, natural, �325 mesh, 99.95% was purchased

from Alfa Aesar. P2O5, K2S2O4, and KMnO4 with analytical

grade and 98% H2SO4, 30% H2O2 aqueous solution were pur-

chased from Shanghai Chemical Reagents Company, and

were used directly without further purification.

2.2. Preparation and thermal reduction of GO

Graphite oxide was synthesized from natural graphite by a

modified Hummers method [21]. The product (graphite oxide)

was then purified by dialysis to completely remove residual

salts and acids. After ultrasonication for 1 h and drying at

60 �C, the graphite oxide was calcined at 700 �C for 2 h under

argon atmosphere with a heating rate 100 �C min�1 [22].

2.3. Hot pressing treatment of RGO

The product graphene was then treated in a Spark Plasma

Sintering (SPS) system (SPS-3.20MK-II, Sumitomo Heavy

Industries) under vacuum at 500, 1000, and 1500 �C for

5 min with 0, 5, 10, 20, 30, 40 MPa uniaxial pressures, respec-

tively. The heating rate was 100 �C min�1, and vacuum level

was less than 30 Pa. A graphite mold was chosen as the elec-

trode and heating stage.

2.4. Characterization of the samples

The surface morphology of the pristine RGO and the hot

pressed graphene sheets were examined by SEM (FEI SIRION)

operated at 15 kV. Two kinds of the samples were sonicated in
ethanol for 2 h and the suspensions were dropped onto the

micro-grid for HRTEM observation (JEOL JEM 2010FEF) at

200 kV. The Atomic Force Microscope (AFM) measurements

were performed with a Nanoscope multimode instrument in

the air at ambient temperature and pressure. Ethanol suspen-

sions of the graphene sheets were spin-coated onto a SiO2

(300 nm) substrate, and the solvent was removed by anneal-

ing under Ar gas at 600 �C for 1 h. The IR spectrum was mea-

sured with a FT-IR spectrometer (Nicolet iS10, Thermo) for

detecting the surface functional groups on the samples.

In order to verify the improvement of quality and structural

integrity in the hot pressed graphene, chemical compositions

and chemical environment of the carbon atoms were mea-

sured by using XPS (AXIS-Ultra instrument, Kratos Analytical),

with monochromatic Al Ka radiation (225 w, 15 Ma, 15 kV) and

low-energy electron flooding for charge compensation.

Raman measurement was carried out using Raman spec-

troscopy (HORIBA Jobin Yvon LabRAM HR). The power of laser

was 15 mW, and the laser excitation was 488 nm. Scans were

taken on an extended range (1000–3000 cm�1) and the expo-

sure time was 5 s. Samples were sonicated in ethanol and

drop-casted onto a SiO2 (300 nm) substrate for optic

observation.

The electrical transport properties were measured by a

Lakeshore probe station (Lakeshore TTPX probe station with

Agilent analyser) with home built data acquisition system in

ambient condition at room temperature. Toward the electrical

characterization, the pristine and hot pressed graphene

sheets were first deposited on a highly doped p-type silicon

substrate with a 300 nm thick thermal silicon oxide layer,

and then contacted by e-beam lithography (JEOL 6510 with

NPGS) and metallization process to define the external and

drain electrodes. About 20 different sets of samples were tried

to verify the reproducibility of the electrical test.

2.5. Theoretical calculations

Molecular dynamics simulation was carried out to under-

stand the structural change of RGO treated by hot pressing.

A 0.5 ns step size, constant temperature and constant uniax-

ial pressures were applied to the molecular dynamics simula-

tion with periodic boundary conditions. The CAC bond was

treated with the Tersoff potential while the CAO and OAO

were described by a constructed Morse potential fitted from

first-principle total energy calculations [23,24].
3. Results and discussion

The conversion process consists of four steps, shown in Fig. 1a.

Our novel contribution is that the RGO sheetswere then treated

by hot pressing at 1500 �C and 40 MPa uniaxial pressures for

5 min in vacuum. The RGO sheets were thereby converted from

a pile of powder into a compacted lamellar material with tight

combination (see Fig. S1). From the characterizations studies

(see Fig. S2), the hot pressing did not change the original mor-

phologies of the RGO sheets (such as size and number of lay-

ers), i.e., the RGO sheets did not transform into graphite; this

high T, moderate pressure treatment resulted in highly crystal-

line graphene with a gram-scale output.



Fig. 1 – (a) Schematic of experimental process to produce high quality graphene sheets from graphene oxide. (b) The initial

and final structures of RGO treated by hot pressing during the molecular dynamics simulations.

Fig. 2 – Characterizations of the product graphene sheets

treated by hot pressing. (a) SEM image shows an existence

of well exfoliated graphene sheets. (b) HRTEM image of the

product sheet edge with fast Fourier transform (FFT) and

inverse-FEF map insert. (c and d) AFM image and its height

profile showing a flake with a height of 0.9 nm.

C A R B O N 5 4 ( 2 0 1 3 ) 1 4 3 – 1 4 8 145
We have performed molecular dynamics simulations to

investigate the structural changes of RGO. Initially, oxygen

atoms are chemisorbed on the RGO surface and the underly-

ing CAC bond is broken (Fig. 1b, left). Then, a 0.5 ns step size,

constant temperature and constant uniaxial pressures were

applied to the molecular dynamics simulation with periodic

boundary conditions. Finally, the simulated structure of RGO

at a temperature of 1500 �C and pressure of 40 MPa (Fig. 1b,

right) showed that the honeycomb structure of graphene

was recovered through the formation of CAC and OAO bonds.

SEM images of the product graphene sheets showed well

exfoliated graphene sheets (Fig. 2a). TEM imaging revealed

less wrinkles and foldings in product sheets, and the dark

lines at the edge of the sheets were straightened (Fig. 2b).

Comparatively, a large number of intrinsic wrinkles were

formed, due to the existing of atom group, and the dark lines

were curved in RGO sheets (see Fig. S3). These changes indi-

cated that the defects and residual chemical functional

groups in RGO sheets have been removed completely during

hot pressing treatment. Further electron diffraction and

atomic imaging of the product sheets by TEM showed the

crystalline structure of graphene, which also proved the high

quality of the treated graphene. AFM image of the product

sheets transferred onto a SiO2 (300 nm-thick thermal oxide)

substrate by spin-coating (Fig. 2c) showed a thickness of

approximately 0.9 nm, namely, single-layer graphene (Fig. 2d).

FTIR and XPS showed a strong reduction in functional

groups in the product sheets (Fig. 3) [25–28]. According to

the XPS survey spectrum, the RGO sheets and the treated

graphene sheets contained only elements carbon (C) and oxy-

gen (O) with chemical binding energies of C1s (284.7 eV) and

O1s (532.0 eV). Obviously, the oxygen content in the treated

graphene sheets was much less than that in the RGO. The

C1s XPS spectrum revealed that the hydroxyl groups (CAOH)

and carbonyl groups (C@O) in RGO have vanished, and a sharp

peak at 284.7 eV shows the presence of sp2 hybridized carbon

atoms. The spectroscopy suggested the total or near total re-

moval of O-containing functional groups by the hot pressing

step.
Raman spectroscopy is an easy and effective approach to

evaluate the crystalline quality and the number of stacking

layers of graphene sheets by monitoring the relative intensity

of the D peak (defect-related) and the G peak (doubly degen-

erate zone center E2g mode) [29–31]. The G and 2D peaks are

indicative of graphene or graphitic carbon, while the D peak

indicates ‘defects’ (functionalized carbon atoms, point de-

fects, etc.). The ID/IG ratio has been used as a measure of

the degree of crystallization or surface defects density of

graphene [32].

In order to further understand the important role of the

temperature and the pressure in the process, Raman spec-

troscopy was done on samples treated at different conditions.



Fig. 3 – (a) FT-IR spectra (400–3500 cm�1) of the RGO and hot pressed graphene sheets with shaded regions representing signal

of functional groups. (b) XPS survey scan spectrum of the RGO and hot pressed graphene sheets. (c) C1s spectral region. (d)

O1s spectral region.
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With T fixed at 1500 �C, the D peak intensity started to de-

crease with the applied pressure increased and the intensity

of the 2D peak was recovered (Figs. 4a and b). At 40 MPa, the

D peak has disappeared, showing that defects and functional

groups have been removed from the RGO sheets and that the

sp2 carbon network has been entirely reconstructed. With

pressure fixed at 40 MPa, the D/G intensity ratio decreased as

the temperature was increased. At 1500 �C, the D peak was
Fig. 4 – Characterizations of the hot pressed graphene sheets u

graphene as a function of the pressure at 1500 �C. (b) D/G ration

1500 �C. (c) Raman spectra of hot pressed graphene as a function

hot pressed graphene with variant layers.
eliminated (Fig. 4c). The G/2D intensity ratio and the Full

Width Half Maximum (FWHM) of 2D peak imply that the sam-

ple consisted of monolayer, bilayer and few layer of graphene

(Fig. 4d). On the basis of statistical sampling of the treated

graphene sheets using Raman and AFM, it was estimated that

80% of the product (graphene) sheets were less than five layers.

We note that at temperatures between 1000 and 2000 �C
and the indicated pressures, single layer or few layer graphene
sing Raman spectroscopy. (a) Raman spectra of hot pressed

of hot pressed graphene as a function of the pressure at

of the temperature at 40 MPa pressure. (d) Raman spectra of



Fig. 5 – The electrical properties of the RGO and the hot pressed graphene sheet transistor. (a and b) The schematic top view of

the device layout. D, drain; S, source; RGO, reduced graphene oxide; TG, treated graphene by hot pressing. (c and d) Ids–Vg

transfer characterize for the RGO and treated graphene transistor at Vds = 0.1 V, inset in (c) and (d) are optical images of the

transistor device, the scale bar is 5 lm. The external source and drain are fabricated using electron beam lithography. (e and f)

Mobility distribution maps of RGO and treated graphene.
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was obtained. However, when T is raised above 2400 �C, the

original RGO sheets transformed into bulk graphite. With T

about 1500 �C, functional groups on the precursor RGO sheets

were apparently completely removed. The application of pres-

sure during high T treatment plays a critical role in obtaining

‘high quality’ graphene sheets as a product material.

Based on the molecular dynamics simulation data, XPS

spectrum results, and the change of vacuum level during

hot pressing (Fig. S4), the mechanism of reducing functional

groups through hot-pressing could be thoroughly discussed.

The above results indicated that the reaction was divided into

two stages, first stage primarily is the C@O and O@CAOH

bonds decomposition at 800–1500 �C. Subsequently, when

the pressure was fixed at 40 MPa, the CAOH and CAOAC

bonds started to be removed due to the formation of CAC

and OAO bonds, which resulted in the recovery of the honey-

comb structure of graphene.

Field effect transistors (FETs) from pristine RGO sheets and

also of the high (T,p) treated RGO sheets were fabricated on a

300 nm SiO2/Si substrate [33,34]. The schematic top views of a

FET composed of RGO or of the product sheet, as the channel,

with source and drain electrode, and back gate, are shown in

Fig. 5a and b, respectively. Fig. 5c and d shows the current I as

a function of the applied gate voltage Vg, where the conduc-

tion carrier is hole for a positive Vg. The average mobility

was about 1000 cm2 V�1 S�1 for the product (graphene) sheets

(about 8· higher than the RGO precursor sheets, where the

RGO sheets show a mobility of about 130 cm2 V�1 S�1)

(Fig. 5e and f). Moreover, this value exceeds most of the RGO

prepared by the chemical reduction method. High reproduc-

ibility of the electrical test was verified from the columnar

distribution map and the Gauss distribution curve.

4. Summary

The perfectly structural integrity and gram-scale produc-

tion of graphene have been physically produced using hot
pressing with high temperature and moderate pressure.

The process is simple and effective, meeting the industrial

level requirement of graphene applications. Besides the

chemical produced graphene sheets, the graphene sheets

from other processes may also be treated with hot

pressing for further getting a perfect and highly crystalline

graphene. This process could provide a possibility to radi-

cally overcome the barrier for further industrial use of

graphene with low-cost in energy and composites in the

future.
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