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Abstract: The thermodynamic state and kinetic process of low-temperature deoxygenation reaction of

graphene oxide (GO) were investigated for better understanding the reduction mechanism by using Differen-

tial Scanning Calorimetry (DSC), Thermogravimetry-Mass Spectrometry (TG-MS), and X-ray Photoelectron

Spectroscopy (XPS). It was found that the thermal reduction reaction of GO is exothermic with degassing of

CO2, CO and H2O. The graphene is thermodynamically more stable than GO. The deoxygenation reaction of

GO is kinetically controlled and the activation energy for GO is calculated as 167 kJ/mol (1.73 eV/atom).
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Introduction

Due to its excellent electrical, mechanical, and ther-
mal properties, graphene, a single-atom-thick two-
dimensional sheet of sp2 bounded carbon, has shown
a diverse range of potential applications from field-
effect transistors to energy-related materials [1-5].
Various methods have been performed to produce
graphene, such as micromechanical exfoliation [1],
chemical vapour deposition (CVD) [3], and reduction
of graphene oxide (GO). Among these strategies, re-
duction of GO which derived from the oxidation and
reduction of graphite has attracted much attention by
reason of the advantages of low cost and large scale pro-
duction [2,4]. GO is a key intermediate from graphite
to graphene, which contains many kinds of oxygen
functional groups, including epoxide (C-O-C), single-
bonded on-top oxygen (C-O), hydroxyl groups (C-OH),

and carbonyl (C=O) [4]. Some functional groups exist
at the surface of graphene and others are expected to
form on the edges of the platelets. Tremendous efforts
have been devoted to remove these oxygen functional
groups via reduction processes for recovering the con-
jugated sp2 carbon network and the desirable properties
of graphene.

As a green method, thermal reduction is more at-
tractive than chemical reduction methods to obtain
graphene from GO [6]. Usually, for dry GO, a consid-
erable mass loss will occur near 200℃ accompanied by
releasing of CO2, CO, and H2O due to the deoxygena-
tion of oxygen functional groups [7]. Recently, it has
been found that the deoxygenation temperature can be
decreased to 150℃ at atmospheric pressure when GO is
dispersed in propylene carbonate [8] as well as in a mix-
ture of water and organic solvents [9]. Meanwhile, other
novel low-temperature thermal-related reduction meth-
ods have also been developed, such as flash reduction

1SEU-FEI Nano-Pico Center, Key Laboratory of MEMS of Ministry of Education, Southeast University, Nanjing 210096, P. R. China.
Fax: +86-25-83792939; Tel: +86-25-83793264 ext.8813
2Department of Materials Science and Engineering, National Lab of Solid State Microstructure, Nanjing University, Nanjing 210093, P.
R. China.
*Corresponding author. E-mail: slt@seu.edu.cn

Nano-Micro Lett. 3 (1), 51-55 (2011)/ http://dx.doi.org/10.5101/nml.v3i1.p51-55

http://dx.doi.org/10.5101/nml.v3i1.p51-55
http://dx.doi.org/10.5101/nml.v3i1.p51-55


Nano-Micro Lett. 3 (1), 51-55 (2011)/ http://dx.doi.org/10.5101/nml.v3i1.p51-55

[10,11], laser reduction [12], and hydrothermal and/or
solvothermal reduction [13,14]. However, the reduction
mechanisms are far from clear and the reaction process
need to be further studied. Since all above mentioned
reduction methods are thermal-related and are based
on the deoxygenation of oxygen functional groups, the
investigation on the thermodynamic state and kinetic
process of common thermal reduction will be beneficial
to understanding each reduction mechanism of them.

Herein we investigate the temperature effect on GO
reduction and the oxygen elimination processes of dry
GO samples. DSC, TG-MS, and XPS are used to moni-
tor the reaction process with different heating rates and
various environmental factors. The thermodynamic
state and kinetic process of the deoxygenation reaction
of GO are discussed, and the activation energy for GO
is achieved based on the experiments.

Experimental

The GO was generated from chemical oxidation of
graphite using the modified Hummers method [3] and
exfoliated via bath sonication in aqueous solution for
1 h. The dry GO samples were obtained by vacuum fil-
ter, followed by further drying at 60℃ for 24 h at atmo-
spheric pressure. GO sheets were heated for 15 h under
three different conditions: deionized water in a sealed
Teflon autoclave (hydrothermal method), vacuum in a
sealed quartztube (with the pressure of several Pascal),
and in the air directly.

The DSC measurements were performed in inert ar-
gon atmosphere using a Perkin Elmer Pyris 1 DSC sys-
tem with a sample amount of approximately 5 mg. The
samples were heated up to 350℃ at several different
heating rates. The reduction degree of GO was charac-
terized by XPS (Thermo Scientific K-Alpha system).
The TG-MS analysis was carried out using Netzsch
STA 449C and QMS 403C system under argon atmo-
sphere.

Results and Discussion

A typical DSC curve with the heating rate of
20℃/min is shown in Fig. 1(a). A wide exothermic
peak was found at around 210℃. The activation en-
ergy can be obtained from Kissinger equation, which
depicts the relationship between heating rate and peak
temperature [15]:

EaV

kT 2
p

= Ae
Ea
kTp (1)

where Ea is the activation energy for the reduction re-
action, V is the heating rate, k is Boltzmann’s con-
stant, Tp is the peak temperature, and A is the pre-
exponential factor. Thus, the activation energy can

be obtained from the slope of a straight-line fit to a

plot of ln
(

T 2

p

V

)

versus 1/Tp. In this work, four differ-

ent heating rates (5, 10, 20, and 25℃/min) were em-

ployed. The results of ln
(

T 2

p

V

)

versus 1/Tp are plot-

ted in Fig. 1(b). The activation energy derived from
these data is about 167 kJ/mol (1.73 eV/atom), which
is close to the value obtained by Ruoff et al from Arrhe-
nius dependence (about 155 kJ/mol (1.6 eV/atom) for
single-layer GO in UHV) [16].
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Fig. 1 A typical DSC curve of GO with a heating rate of

20℃/min (a); ln

(

T2

p

V

)

as a function of 1/Tp (b).

During the exothermic reaction, it has been found
that a dramatic mass loss occurs due to the degassing
of CO, H2O, and CO2 [7,16]. Similar results were found
in our TG-MS experiment and the MS data were semi-
logarithmically plotted in Fig. 2. Each of the signals
of CO, H2O, and CO2 has a dramatical increase when
the external temperature reaches near 180℃ with the
heating rate of 10℃/min. The signal of H2O exists
at the beginning of this experiment, which may derive
from the release of adsorbed water. It is interesting to
note that CO2 has already been detected even at 130℃,
which indicates that the deoxygenation reaction of GO
has already been triggered below 130℃.
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Fig. 2 The Mass Spectra of H2O, CO, and CO2 as a func-
tion of temperature with a heating rate of 10℃/min, respec-
tively.

Due to the degassing of CO2, CO and H2O which are
more random than solid state, the entropy change of the
deoxygenation reaction of GO must be positive. Mean-
while, the enthalpy change is negative as the deoxygena-
tion reaction is exothermic. Therefore, the change of
Gibbs free energy of this system must be negative from
the equation ∆G = ∆H − T · ∆S. Consequently, the
deoxygenation reaction of GO should be spontaneous in
thermodynamics, which implies that the deoxygenation
reaction can occur under relative low-temperature con-
ditions. Since the relationship between reaction rate
and temperature is exponential [16], we deduce that
the rate of deoxygenation reaction at low temperature
would be slow.

Figure 3 shows the C 1s XPS results of GOs be-
fore and after reduction under various environmental
factors (deionized water in a sealed Teflon autoclave,
vacuum in a sealed quartztube, and in the air). The
peak near 284.5 eV corresponds to C-C binding and the
peaks shifting positively about 1.5∼4.0 eV are assigned
for C-OH, C=O, and O=C-OH, respectively [4]. Figure
3(a) shows the C 1s XPS results of the GO heated at
95℃ and the corresponding result of as-prepared GO is
also included for comparison. Obviously, all the three
samples have been partially reduced after 15h at 95℃

because all the intensity ratios of IC-OH/IC-C decrease,
which implies that the low-temperature deoxygenation
reation of GO is feasible. With reduction tempera-
ture increasing, the reduction degrees have been sig-
nificantly improved since the peak intensities of C-OH
have been extensively decreased, as shown in Figs. 3(b)
and 3(c). It is obvious that the peak intensities of C=O
and O=C-OH are much lower than those of C-C and
C-OH in GO. As a result, we can define the intensity ra-
tio of IC-OH/IC-C as a simple parameter to demonstrate
the reduction degree. From Fig. 3(d) we can readily
see that, with temperature increasing, the reduction
degree increases until a balance reaches for all sam-
ples. At relative low temperature, the most effective
reduction method is hydrothermal method, heating
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Fig. 3 C 1s XPS results of GO reduced under different tem-
perature: 95℃ (a), 120℃ (b), and 150℃ (c); the intensity
ratio of C-OH and C-C peaks as a function of temperature
(d). The samples were placed 1: under deionized water in
a sealed Teflon autoclave (hydrothermal method), 2: under
vacuum in a sealed quartz tube (with the pressure of several
Pascal), and 3: in the air directly.

under vacuum the second and heating in the air the
third. For hydrothermal method, the viscosity of water
will decrease and the convection ability as well as the
ion molecules will increase with temperature increas-
ing [17], which might accelerate the deoxygenation re-
action. Since solid GO can degas, this reaction will
proceed faster under vacuum than at ambient pressure.
It should be noted that when the temperature reaches
or exceeds 150℃, the reduction degrees are nearly com-
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parable for all the three methods. Thus, temperature
plays an important role in the reduction rate. At rela-
tive low temperature, the reduction rate is relative slow
and only partial reductions of GOs have been performed
within the reaction time of 15 h for all the three meth-
ods. The reaction rate increases with increasing tem-
perature and the reduction degree sharply rises within
the same reaction time scale. When the deoxygenation
reaction is nearly complete, the role of rising tempera-
ture can be ignored.

The change of potential energy of GO during thermal
reduction is sketched in Fig. 4. The average energy of
oxygenated functional groups must be improved equal
to or greater than 167kJ/mol before the occurrence of
deoxygenation reaction. On the other hand, since car-
bon loss during reduction was found in our TG-MS ex-
periment, carbon vacancies must form in the matrix
of the reduced GO, as illustrated in the inset of r-GO
in Fig. 4. Therefore, in order to obtain highly ordered
graphene, the reduced GO from thermal reduction re-
action need to be further improved [18].

Fig. 4 Schematic representation of the potential energy
as a function of progress of reaction of GO; the schematic
structures of GO and reduced graphene oxide (r-GO) are
also shown.

Conclusions

In conclusion, the reduction thermodynamics and ki-
netics of GO was investigated by thermal treatment.
The deoxygenation reaction of GO is kinetically con-
trolled and the activation energy of this reaction was
calculated as 1.73 eV/atom. At relative low tempera-
ture, hydrothermal method is more effective to reduce
GO than the other two methods and the method of
heating under vacuum is more effective than that of
heating at air. When the temperature reaches and ex-
ceeds 150℃, the reduction degrees are nearly compara-
ble for all the three methods. Meanwhile, The degassing
temperature of CO2 is lower than that of other gases.
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