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A simple method to synthesize graphene at 633 K
by dechlorination of hexachlorobenzene on Cu foils
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A modified chemical vapor deposition method to synthesize graphene at 360°C is
described. Hexachlorobenzene (HCB) was used as carbon source, and copper foils were
used as not only the substrates for graphene deposition but also the catalyst to HCB dechlo-
rination. The possible growth mechanism was investigated using X-ray photoelectron

spectroscopy. Enhancement of HCB dechlorination by copper played a key role in synthesis
of graphene at such a low temperature.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, a flat single layer of sp®-bonded carbon atoms
packed into a two-dimensional honeycomb lattice, has been
predicted to possess a wealth of fascinating physical, chemi-
cal, and mechanical properties and potential applications
[1,2]. Novoselov et al. succeeded in isolating, identifying,
and characterizing graphene in 2004 to win a Nobel Prize in
2010 [3]. From the day that graphene was proposed, synthesis
of high quality graphene, as the key point that determine the
exploration of its properties and the development of its appli-
cation, have been attracted a lot of efforts. Initially, graphene
was obtained by a mechanical exfoliation method [3], in
which the graphene’s electric properties were characterized.
However, low-productivity and time-consuming made the
mechanical exfoliation method not afford the need of labora-
tory experiment. To meet the requirement of laboratory
experiment, considerable efforts had been made to explore
methods to synthesizing graphene in large scale. Hummer’s

method used to graphite oxidation was traced back and mod-
ified for preparation of graphene, named chemical exfoliation
methods [4-10]. Using modified Hummer’s method, large
scale graphene oxide could be obtained with random shapes
and layers. According to the micro-manipulation technology
up to date, it is also a huge challenge to choose the certain
graphene from the products by Hummer’s method and
manipulate it to the exact positions. An in situ growth tech-
nique is highly desirable. For this purpose, diverse methods
were developed. Among them, two kinds of synthesis meth-
ods show great promising. One is high temperature annealing
(above 800 °C) solid carbon source film on Cu foils [11]. The
other is chemical vapor deposition (CVD) from gas carbon
source on metal substrates [12-15] or Si/SiC single crystal sur-
faces [16-19] at high temperature, typically 1000 °C. Thus, be-
fore real application to in situ synthesis of graphene, these
two kinds of methods should address the problem of high
synthesis temperature. Growth of graphene at low tempera-
ture, which is more convenient, economical, and feasible for

* Corresponding authors: Address: Research Center for Biomimetic Functional Materials and Sensing Devices, Institute of Intelligent
Machines, Chinese Academy of Sciences, Hefei, Anhui 230031, PR China (J. Liu and T. Luo). Fax: +86 551 5592420.

E-mail addresses: jhliu@iim.ac.cn (J. Liu), tluo@iim.ac.cn (T. Luo).

0008-6223/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbon.2011.08.057


http://dx.doi.org/10.1016/j.carbon.2011.08.057
mailto:jhliu@iim.ac.cn
mailto:tluo@iim.ac.cn
http://dx.doi.org/10.1016/j.carbon.2011.08.057
http://dx.doi.org/10.1016/j.carbon.2011.08.057
http://dx.doi.org/10.1016/j.carbon.2011.08.057
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

CARBON 50 (2012) 306-310 307

industrial application, is expected. Recently, it has been re-
ported that monolayer graphene flakes were synthesized by
a revised CVD route using benzene as carbon source at the
temperature of 300 °C under a vacuum circumstance between
8 and 15 torr [20].

In this article, a simple and low-temperature method to
grow graphene is developed based on the CVD route on Cu
foils using hexachlorobenzene (HCB) as the carbon source.
In this method, Cu foil acted as not only catalytic substrates
but also reductant, which reacted with HCB and form the
media product Ce as the building block for self-assembling
to graphene. And high quality graphene flakes were obtained
at a temperature as low as 360 °C. The possible mechanism of
the low-temperature growth was discussed on the basis of
XPS analyses.

2. Experimental

2.1. Chemicals

The 25 um-thick Cu foils were purchased from Alfa Aesar
(item no. 13382). Hexachlorobenzene was purchased from
Sinopharm chemical reagent company. All the chemicals
were used in our experiments without further treatment.

2.2. Preparation of the graphene flakes

The schematic of low-temperature graphene growth is de-
picted in Fig. 1. The growth of graphene was carried out in a
horizontal tube furnace, which is different from previous
CVD method that solid carbon source HCB loaded in a glass
tank in a oil bath heating tray were carried into the reaction
zone by carrier gas through the head space of the tank. Cu foil
was heated to 360 °C in argon atmosphere with the flow rate
of 500 sccm for 30 min, and then the mix gases Ar/H2 with
the flow rate of 400 and 100 sccm were introduced as the car-
rier gases. The HCB powder was heat to 115 °C by the heating
tray. And the carrier gases flow through the headspace of the
HCB powder and carried HCB saturated vapor as the carbon
source. The saturated vapor pressure of HCB at 115 °C is about
0.13 kpa. The typical growth time was 5 min under normal
atmospheric pressure. After growth, the Cu foil was cooled
down to room temperature in argon atmosphere. The graph-
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Fig. 1 - Schematic of the CVD growth.

ene flakes were obtained. And then the graphene flakes were
transferred to the target substrate in accordance with previ-
ous literature [21,22].

2.3.  Characterization of samples

Optical photographs were taken using a microscope (Nikon
LV150) to observe the morphology of the as-obtained graph-
ene flakes. Raman spectroscopy (DXR Raman microscope)
with a laser excitation wavelength of 523 nm was used to
characterize the quality, thickness of the grown graphene
sample. The transmission electron microscopy (TEM) investi-
gations were carried out in a JEOL JEM-2010. The atomic force
microscopy (AFM) images were taken by using a scanning
probe microscope (Veeco Multimode V). X-ray photoelectron
spectroscopy (PHI-5702) was employed to characterize the
copper foils after the growth of graphene to determine the
elemental composition and valence station.

3. Results and discussion

Fig. 2a and b shows the optical image of Cu foils before growth
and after growth, respectively, which clearly demonstrate
that a transparent film was grown on the Cu foil through
the CVD process. In its Raman spectrum (shown in Fig. 2c),
the 2D band centered at 2700 cm™! is symmetric and can be
well fitted by a single Lorentzian peak, which shows the typ-
ical characteristic of monolayer graphene [23]. AFM image
(Fig. 2d) with the height profile (Fig. 2e) shows that the as-pre-
pared graphene sheet was about 0.8 nm in thickness, which
confirms that the as-prepared graphene was monolayer in
agreement with Raman result. Fig. 2f shows the high resolu-
tion C XPS spectrum of the as-synthesized graphene. It has
two peaks centered at 284.50 and 288.40 eV, which can be in-
dex to C 1S of carbon element and C 1S of C=0 group, respec-
tively. The C=0 group is attributed to CO, and H,O adsorbed
on the surface of the as-prepared graphene. TEM image and
corresponding EDX (Fig. 2g and h) results demonstrate that
the as-prepared sample only comprised of carbon element
without chlorine, which indicate that all the chlorine atoms
have been removed. It also indicates that dechlorination
was predominant during the CVD process although chlorina-
tion of graphene might occur simultaneously.

We further investigated the effect of the reaction tempera-
ture on the quality of the as-obtained graphene. Fig. 3a shows
the Raman spectra of graphene grown at 460 and 560 °C,
respectively. From the spectra, it can be found that the inten-
sity of D band decreased with the growth temperature
increasing, and almost disappeared at 560 °C, which fully
demonstrate the high quality of the as-obtained graphene
flakes. Through Lorentzian peak fitting, the 2D band peak
(shown in Fig. 3b) of the graphene flakes obtained at 460 °C
can be well split into four peaks, which indicates the as-ob-
tained graphene flakes are double layers, consistent with
the literature [23]. To the graphene obtained at 560 °C, the
2D band peak (shown in Fig. 3c) can be split into two peaks,
which is a sign of the graphene films with 3-6 layers [23].
From them, it can be seen that the layers of the as-obtained
graphene flakes increased with the reaction temperature
increased.
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Fig. 2 - (a) and (b) Optical microscopy of Cu foils before and after the growth of graphene; (c) Raman spectrum, (d) and (e) AFM
image and height profile, (f) XPS spectrum, (g) and (h) TEM image and corresponding EDX of graphene grown at 360 °C.
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Fig. 3 - (a) Raman spectra of graphene grown at 460 and 560 °C; (b) and (c) 2D band peaks of graphene grown at 460 and 560 °C,
respectively. The dash lines show the Lorentzian peaks used to fit the data, red dash lines are the fitted results. The solid
lines are the raw data. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

To understand the growth mechanism of the graphene
flakes at low temperature, XPS analysis is employed. Fig. 4a
shows the XPS spectrum of Cu foils after the growth of graph-
ene, which has a clear shoulder peak. It can be split into two
peaks centered at 932.70 and 934.40 eV, which can be index to
Cu 2P*2 of copper elementary substance and Cu 2P*? of
CuCl,, respectively [24,25]. Cl 2P and Cl 2P*2 binding energy
peaks of CuCl, can also be found in the XPS spectra [26,27]
(shown in Fig. 4b). The XPS analysis results prove that the re-
dox reaction between Cu and HCB existed in the process and
CuCl, had been produced. On the basis of results, we propose
the possible growth mechanism of the graphene obtained un-
der low temperature. As shown in Fig. 4c, the graphene flakes
growth process is depicted as three stages: Stage (I), the metal

copper atoms on the surface of the foil reacted with HCB and
prompted the dechlorination of HCB. Stage (II), under the Cu
catalytic reaction, the HCB molecules entirely put off chlorine
atoms to form the media product Cg rings, as well as CuCl,
was produced. Stage (IlI), the as-produced media Cg rings
assembled together and form the graphene flakes on the sur-
face of the copper foil.

From previous study [28], it has been shown that Cu could
enhance HCB dechlorination. In the presence of Cu, the
dechlorination temperature decreased to 300°C and the
dechlorination efficiency increased drastically. Without Cu,
HCB began to dechlorinate higher than 350 °C and the dechlo-
rination efficiency was lower than 8%. In our case, when the
reaction temperature was 360 °C, the monolayer graphene
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Fig. 4 — XPS spectra of the copper foil after graphene growth: (a) high resolution of Cu spectrum and (b) high resolution of Cl
spectrum. The dash lines show the Lorentzian peaks used to fit the data, red dash lines are the fitted results. The solid lines
are the raw data. (c) The schematic of graphene flake growth process. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

flakes were obtained. When the temperature increased to
460 °C, double-layered graphene flakes were obtained. Follow-
ing the temperature increasing to 560 °C, mutli-layered graph-
ene flakes were obtained. The main reason of monolayer
graphene flakes obtained at the temperature as low as
360 °C can be contributed to HCB dechlorination enhance-
ment by copper. Although HCB can dechlorinate at 360 °C,
the dechlorination efficiency is very low. Meanwhile, as to
single HCB molecule, it is difficult to put off six chlorine
atoms totally and form Cg ring at such a short time heating.
Only the HCB, which touched the Cu atoms on the surface
of the copper foil, put off chlorine entirely and formed Cg
rings to assemble graphene. With a monolayer graphene flake
film assembly and deposition on the surface of copper foil,
the following HCB cannot touch Cu atoms any longer, the
growth of graphene stops. Therefore, at the reaction temper-
ature of 360 °C, only monolayer graphene can be formed on
the copper foil. With the reaction temperature increasing,
the dechlorination efficiencies of HCB increased, and the en-
tire dechlorination HCB molecules became more and more in
the absence of Cu. Consequently, the likelihoods of assembly
Ce rings to form graphene layers increased. As a result, the
double-layered and multi-layered graphene flakes were ob-
tained at the reaction temperature of 460 and 560 °C, respec-
tively. In the process of graphene growth, Cu played an
important role in the formation of graphene, not only as the
substrate, but also as the catalyst to HCB dechlorination.
And the reaction temperature was another key parameter to
control the layers number of graphene.

4. Summary

We present a new and easy method to synthesize graphene at
a low temperature of 360 °C. HCB was used as a solid carbon
source. Copper foils were used as not only the substrates
but also the catalyst to increase HCB dechlorination, which
played a key role in the formation of graphene at this low
temperature. By changing the reaction temperature, the num-
ber of graphene layers obtained can be controlled.

Acknowledgements

We appreciate support from the National Natural Science
Foundation of China (Grant No. 60801021 and 20907035). We
also acknowledge with the One Hundred Person Project of
the Chinese Academy of Sciences, and the Open Fund Pro-
gram from the Key Laboratory of Cigarette Smoke of State To-
bacco Monopoly Administration, Technical Center of
Shanghai Tobacco Corporation (K2010-106) for funding.

REFERENCES

[1] Geim AK, Novoselov KS. The rise of graphene. Nat Mater
2007;6:183-91.

[2] Geim AK. Graphene: status and prospects. Science
2009;324(5934):15304.



310 CARBON 50 (2012) 306-310

[3] Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y,
Dubonos SV, et al. Electric field effect in atomically thin
carbon films. Science 2004;306(5696):666-9.

[4] Chen G. Preparation and characterization of graphite
nanosheets from ultrasonic powdering technique. Carbon
2004;42(4):753-9.

[5] Viculis LM, Mack JJ, Mayer OM, Hahn HT, Kaner RB.
Intercalation and exfoliation routes to graphite
nanoplatelets. ] Mater Chem 2005;15(9):974.

[6] McAllister MJ, Li JL, Adamson DH, Schniepp HC, Abdala AA,
LiuJ, et al. Single sheet functionalized graphene by oxidation
and thermal expansion of graphite. Chem Mater
2007;19:4396-404.

[7] Hernandez Y, Nicolosi V, Lotya M, Blighe FM, Sun Z, De S,
et al. High-yield production of graphene by liquid-phase
exfoliation of graphite. Nat Nanotechnol 2008;3(9):563-8.

[8] Paredes JI, Rodil SV, Alonso AM, Tascon JMD. Graphene oxide
dispersions in organic solvents. Langmuir 2008;24:10560—4.

[9] Jiao L, Zhang L, Wang X, Diankov G, Dai H. Narrow graphene
nanoribbons from carbon nanotubes. Nature
2009;458(7240):877-80.

[10] Zhang WN, He W, JX L. Preparation of a stable graphene
dispersion with high concentration by ultrasound. J Phys
Chem B 2010;114:10368-73.

[11] Sun ZZ, Yan Z, Yao J, Beitler E, Zhu Y, Tour JM. Growth of
graphene from solid carbon sources. Nature
2010;468(7323):549-52.

[12] Griineis A, Vyalikh D. Tunable hybridization between
electronic states of graphene and a metal surface. Phys Rev B
2008;77(19).

[13] Reina A, Jia XT, Ho J, Nezich D, Son HB, Bulovic V, et al. Large
area, few-layer graphene films on arbitrary substrates by
chemical vapor deposition. Nano Lett 2009;9(1):30-5.

[14] Kim KS, Zhao Y, Jang H, Lee SY, Kim JM, Kim KS, et al. Large-
scale pattern growth of graphene films for stretchable
transparent electrodes. Nature 2009;457(7230):706-10.

[15] Li X, Cai W, An ], Kim S, Nah ], Yang D, et al. Large-area
synthesis of high-quality and uniform graphene films on
copper foils. Science 2009;324(5932):1312-4.

[16] Berger C, Song ZM, Li TB, Li XB, Ogbazghi YA, Feng R, et al.
Ultrathin epitaxial graphite 2D electron gas properties and a

route toward graphene-based nanoelectronics. ] Phys Chem B
2004;108:19912-6.

[17] Berger C. Electronic confinement and coherence in patterned
epitaxial graphene. Science 2006;312(5777):1191-6.

[18] Zhou SY, Gweon GH, Fedorov AV, First PN, de Heer WA, Lee
DH, et al. Substrate-induced bandgap opening in epitaxial
graphene. Nat Mater 2007;6(10):770-5.

[19] Emtsev VK, Bostwick A, Horn K, Jobst J, Kellogg LG, Ley L,
et al. Towards wafer-size graphene layers by atmospheric
pressure graphitization of silicon carbide. Nat Mater
2009;8:203-7.

[20] Li Z, Wu P, Wang C, Fan X, Zhang W, Zhai X, et al. Low-
temperature growth of graphene by chemical vapor
deposition using solid and liquid carbon sources. ACS Nano
2011;5(4):3385-90.

[21] Jiao LY, Fan B, Xian XJ, Wu ZY, Zhang J, Liu ZF. Creation of
nanostructures with poly(methyl methacrylate)-mediated
nanotransfer printing. ] Am Chem Soc 2008;130:

12612-3.

[22] Jiao L, Xian X, Liu Z. Manipulation of ultralong single-walled
carbon nanotubes at macroscale. ] Phys Chem C
2008;112(27):9963-5.

[23] Graf D, Molitor F, Ensslin K, Stampfer C, Jungen A, Hierold C,
et al. Spatially resolved Raman spectroscopy of single- and
few-layer graphene. Nano Lett 2007;7(2):238-42.

[24] Bird RJ, Swift P. Energy calibration in electron spectroscopy
and the re-determination of some reference electron binding
energies. ] Electron Spectrosc 1980;21(3):227-40.

[25] van der Laan G, Westra C, Haas C, Sawatzky GA. Satellite
structure in photoelectron and Auger spectra of copper
dihalides. Phys Rev B 1981;23(9):4369.

[26] Klein JC, Li CP, Hercules DM, Black JF. Decomposition of
copper compounds in X-ray photoelectron spectrometers.
Appl Spectrosc 1984;38(5):729-34.

[27] Kishi K, Ikeda S. X-ray photoelectron spectroscopic study of
the reaction of evaporated metal films with chlorine gas. J
Phys Chem 1974;78(2):107-12.

[28] Gao XB, Wang W, Liu X. Low-temperature dechlorination of
hexachlorobenzene on solid supports and the pathway
hypothesis. Chemosphere 2008;71(6):1093-9.



	A simple method to synthesize graphene at 633K  by dechlorination of hexachlorobenzene on Cu foils
	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Preparation of the graphene flakes
	2.3 Characterization of samples

	3 Results and discussion
	4 Summary
	Acknowledgements
	References


