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Chemical vapor deposition (CVD) has proven to be
a promising approach for the industrial production of
graphene films[1] with fine scalability,[2] controllability,[3] and
uniformity.[4] However, surface contamination on the gra-
phene basal plane is one of long-standing issues[5, 6] that
degrade the quality[7,8] of CVD-grown graphene film and
hinder its applications.[9, 10] For instance, the presence of
contamination would cause severe scattering of carriers,[8]

resulting in a reduced carrier mobility.[11] Contaminations
have also been widely reported to strongly alter the surface
properties of graphene.[12] Furthermore, a clean surface is
a prerequisite for many promising applications of graphene,
including graphene-based electronic and photonic devi-
ces[13, 14] and high-resolution transmission electron microscopy
(HRTEM) imaging.[15] Consequently, the preparation of clean
graphene films on a large scale and at low cost is of great
interest for the graphene community.

In the past years, many strategies have been developed to
reduce surface contamination with an emphasis on the
transfer process,[6,14] among which post-treatment methods
such as ultra-high-vacuum annealing,[5, 16] post-adsorption,[17]

and plasma etching[18–19] are widely reported. Unfortunately,

these methods usually require a high energy input and suffer
from the inevitable introduction of defects in graphene, which
in turn strongly degrade the quality of graphene.[16, 20] A facile
and scalable method to prepare clean and defect-free
graphene films without impeding the quality of graphene is
still currently in its infancy.

Amorphous carbon introduced during the high-temper-
ature CVD growth process has been reported recently to be
another primary origin of surface contamination.[21, 22] Herein,
based on this, we describe an efficient route to synthesize sub-
meter-long samples of defect-free, superclean graphene by
using CO2 as a mild etchant to selectively eliminate intrinsic
contamination, i.e., amorphous carbon (Figure 1a and Figures
S1 and S2). We found that the availability of superclean
graphene surfaces ensures a significant reduction of polymer
residues after the transfer of graphene onto functional
substrates. Furthermore, the elimination of amorphous
carbon and transfer-related polymer residues collaboratively
contributes to enhanced optical and electrical properties,
which would certainly widen the avenues towards graphene-
based applications in the future.

The synthesis of superclean graphene consists of the high-
temperature growth of graphene at 1020 88C and subsequent
removal of amorphous carbon with the assistance of CO2 at
& 500 88C (Figure 1a). During high-temperature growth, amor-
phous carbon (& 0.3–3 nm thick) with a dense distribution is
formed on graphene surface (Figure S3), and the area ratio of
unclean regions is higher than 50 % (Figure 1b and Fig-
ure S4). The atomic arrangement and bonding structure of
amorphous carbon was revealed by HRTEM, where a fast
Fourier transform (FFT) mask filter was used to remove the
graphene lattice beneath the amorphous carbon (Fig-
ure S5).[23] The carbon–carbon bond lengths of amorphous
carbon are revealed to range from 0.09 nm to 0.22 nm
(Figure S6), and bond angles range from 9088 to 15088 (Fig-
ure 1c). In contrast, the carbon–carbon bond length and bond
angle are 0.142 nm and 12088, respectively, in the perfect
hexagonal arrangement of carbon atoms in the graphene
lattice. This observation indicates the presence of abundant
defects with distorted hexagonal, heptagonal, and pentagonal
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structures in the amorphous carbon contamination. These
defects in amorphous carbon may result in an enhanced
reaction activity, in comparison with defect-free graphene
basal plane.

After graphene growth, the introduction of CO2 into the
CVD chamber at& 500 88C is proven to initiate the elimination
of amorphous carbon from the graphene surface through the
reaction: CO2+C ! 2CO, leaving graphene intact (Figures
S7–S11). Clean graphene film without defects in the basal
plane was observed after the removal of surface contamina-
tion, which indicates CO2 is an efficient etchant for selective
removal of amorphous carbon at & 500 88C (Figure 1d and
Figures S8, S10, and S11). Meanwhile, a large-area, clean
graphene film was successfully prepared in a 6-inch-sized
quartz tube, indicating the scalability of our CO2 post-
treatment process (inset of Figure 1e). The cleanness of the
as-prepared graphene films on Cu foil can be quickly
evaluated on a large scale by exposure of the as-synthesized
graphene/Cu to TiCl4 vapor in humid air, where light-

scattering TiO2 nanoparticles would selectively adsorb on
the contaminated regions.[21, 24] Clearly, fewer TiO2 nano-
particles deposited on CO2-treated graphene surface, in
contrast to the densely distributed TiO2 nanoparticles on
the graphene surface without CO2 treatment (Figure 1 e and
Figure S12), confirming the improved cleanness of graphene
after the CO2 etching process.

The moderate oxidizing ability of CO2 is the key factor for
the selective etching of amorphous carbon by CO2. Density
functional theory (DFT) calculations were carried out to gain
a better understanding of the selective etching capability of
CO2. We used the commonly observed defective structures,
such as 5-8-5, 55-77, and 555-777 topological defects as the
simplified structures of amorphous carbon in our DFT
simulation, based on the HRTEM images of the contami-
nation. The dissociation of CO2 molecules on the surface of
amorphous carbon or graphene is the first step for the
reaction of CO2 etching. To fulfill this, the physically adsorbed
CO2 molecules must be transformed into the chemically
adsorbed CO2 molecules. In this regard, the reaction barriers
for the adsorption and dissociation of CO2 on the 5-8-5 defect
(2.52 eV) are much lower than that on graphene (4.76 eV)
(Figure 2a). Reaction barriers of CO2 dissociation on nano-
carbon structures with other kinds of defects are all lower
than that on the graphene surface (Figure 2b and Figure S13),
confirming that the presence of defects in amorphous carbon
is mainly responsible for the easy dissociation of CO2

molecules. The dissociation rate constants (k) were estimated
using the Arrhenius equation [Eq. (1)],

k ¼ A e ðð@EaÞ=R TÞ ð1Þ

in which A is the pre-exponential factor, Ea is the calculated
reaction barrier, R is the universal gas constant, and T is the
temperature. The rate of the reaction of CO2 with defective
graphene is much faster than that with perfect graphene
(Figure 2c). In addition, treatment temperatures ranging
from 400 to 550 88C were optimal to guarantee the high
etching rate of amorphous carbon and avoid the etching of
graphene (Figure S6). In contrast, another common oxidizing
gas, O2, which has a stronger oxidizing ability, introduces
quantities of defects by reaction with graphene, as indicated
by TEM and Raman characterization (Figure S14). The ready
etching of perfect graphene by O2 is confirmed by the low
etching reaction barrier of 2.56 eV, which would result in
a relatively low selectivity for the etching reaction (Fig-
ure S15).

Graphene grown on metal foil typically needs to be
transferred onto functional substrates for further applications,
and polymer film such as polymethyl methacrylate (PMMA)
usually functions as the transfer medium. Traditionally, the
complete removal of polymer is difficult, resulting in a great
deal of polymer residue on the surface of the transferred
graphene. Interestingly, we found that the elimination of
amorphous carbon ensures a significant reduction in the
amount of polymer residue left on the graphene surface in the
transfer step, i.e., the amount of polymer residue depends
directly on the cleanness of the fresh graphene films on Cu
foil (Figure S16). A high density of polymer residue is clearly

Figure 1. CO2-assisted preparation of superclean graphene. a) Sche-
matic illustration of the formation and elimination of amorphous
carbon contamination on graphene surface during CVD process.
b) TEM image of a typical CVD-grown graphene surface. c) C@C bond
angle distribution in amorphous carbon regions after removal of the
underlying graphene lattice by using a FFT mask filter. Inset: HRTEM
image of the clean and contaminated regions with atomic resolution.
d) TEM image of a clean graphene surface prepared using CO2

treatment process. Inset: HRTEM image of the clean graphene with
atomic resolution. e) Density of TiO2 nanoparticles on clean (red) and
unclean (blue) graphene surfaces. Inset: Photograph of five
0.6 W 0.1 m2-sized samples of clean graphene film after TiO2 visual-
ization.
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visible on untreated graphene samples (Figure 3a). In con-
trast, almost no polymer residue remained on as-transferred
clean graphene synthesized via CO2 treatment, as evidenced
by the smooth surface and low surface roughness in the AFM
image (& 0.076 nm per mm2) (Figure 3 b). We also transferred
graphene onto SiO2/Si substrates using 2H-PMMA and
utilized ToF-SIMS to detect the amount of 2H@ in the
transferred graphene; this can reflect the amount of PMMA
residue. The ToF-SIMS spectra revealed a strong 2H@ signal
on transferred graphene samples without CO2 treatment,
confirming the presence of PMMA residues (Figure 3c). In
contrast, the intensity of the 2H@ signal on transferred clean
graphene film was at the noise level. Meanwhile, the high
lateral resolution intensity mapping with vertical resolution of
2H@ and C@ ions of transferred clean and unclean graphene
films (Figure 3d and Figure S17) further verified that the
amount of polymer residue on clean graphene was signifi-
cantly less than that on unclean graphene.

The large-scale preparation of graphene film with
improved optical and electrical properties is essential for
applications of graphene, for example, as transparent con-
ductive films. In this regard, the light transmittance of as-
obtained clean graphene was found to be higher than that of
the unclean counterpart, with a value approximately equal to
the theoretical calculation result (Figure 4a and Figure S18),
presumably owing to the elimination of amorphous carbon
and polymer residue. The decrease of the optical trans-
mittance of unclean graphene is more obvious in the short-
wavelength regions: in comparison to its clean counterpart,
the optical transmittance of unclean graphene is as low as

0.8% at 550 nm and & 3% at 300 nm
(Figure S18c). Moreover, the bi- and tri-
layer graphene films fabricated via layer-
by-layer transfer also showed increased
optical transmittance (Figure 4a). The
improved optical transmittance is also
confirmed by in situ contrast spectra
measurement, in which the contrast spec-
trum of clean graphene is comparable to
that of mechanically exfoliated graphene
(Figure 4b and Figure S19). Meanwhile,
the CO2-treated large-area graphene film
showed good electrical conductivity with
an average sheet resistance value of
& 390 W sq@1, extracted from hundreds of
Hall bar devices fabricated on a 4-inch
SiO2/Si wafer (Figure 4c). Similar reduc-
tion of sheet resistance was observed in
graphene transferred onto flexible plastic
substrates (Figure S20), indicating the
potential of as-obtained clean graphene
film for future applications in the field of
large-area flexible electronics.

We have demonstrated a facile post-
treatment method for preparing large-
area, superclean graphene films, assisted
by the selective etching of amorphous
carbon by CO2. Meanwhile, polymer res-
idue after the transfer of graphene onto

functional substrates was significantly reduced on the clean
graphene surface. The reduction of surface contamination
contributed to the improved optical and electrical properties
of graphene. Our results provide a new pathway for future
graphene research and industrial applications, such as elec-
trical and optoelectronic devices and organic light-emitting
diodes.
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Figure 2. Theoretical exploration of the mechanism of the selective etching of amorphous
carbon by CO2. a) Energy profiles of CO2 etching of amorphous carbon (red) and graphene
(blue). b) Comparison of energy barriers for the CO2 etching of graphene (blue) and
amorphous carbon (red). c) Reaction rates for the CO2 etching of graphene (blue) and
amorphous carbon (red). Note that 5-8-5, 555-777, and 55-77 topological defects are taken
as simplified model structures of the amorphous carbon contamination.

Angewandte
ChemieCommunications

14449Angew. Chem. Int. Ed. 2019, 58, 14446 –14451 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

 15213773, 2019, 41, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.201905672 by Soochow

 U
niversity, W

iley O
nline L

ibrary on [15/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.angewandte.org


How to cite: Angew. Chem. Int. Ed. 2019, 58, 14446–14451
Angew. Chem. 2019, 131, 14588–14593

[1] K. S. Novoselov, V. I. FalQko, L. Colombo, P. R. Gellert, M. G.
Schwab, K. Kim, Nature 2012, 490, 192 – 200.

[2] S. Bae, H. Kim, Y. Lee, X. Xu, J. S. Park, Y. Zheng, J.
Balakrishnan, T. Lei, H. R. Kim, Y. I. Song, Y. J. Kim, K. S.
Kim, B. Ozyilmaz, J. H. Ahn, B. H. Hong, S. Iijima, Nat.
Nanotechnol. 2010, 5, 574 – 578.

[3] Z. Yan, Y. Liu, L. Ju, Z. Peng, J. Lin, G. Wang, H. Zhou, C.
Xiang, E. L. Samuel, C. Kittrell, V. I. Artyukhov, F. Wang, B. I.
Yakobson, J. M. Tour, Angew. Chem. Int. Ed. 2014, 53, 1565 –
1569; Angew. Chem. 2014, 126, 1591 – 1595.

[4] Y. F. Hao, M. S. Bharathi, L. Wang, Y. Y. Liu, H. Chen, S. Nie,
X. H. Wang, H. Chou, C. Tan, B. Fallahazad, H. Ramanarayan,
C. W. Magnuson, E. Tutuc, B. I. Yakobson, K. F. McCarty, Y. W.
Zhang, P. Kim, J. Hone, L. Colombo, R. S. Ruoff, Science 2013,
342, 720 – 723.

[5] Y. C. Lin, C. C. Lu, C. H. Yeh, C. Jin, K. Suenaga, P. W. Chiu,
Nano Lett. 2012, 12, 414 – 419.

[6] S. J. Kim, T. Choi, B. Lee, S. Lee, K. Choi, J. B. Park, J. M. Yoo,
Y. S. Choi, J. Ryu, P. Kim, J. Hone, B. H. Hong, Nano Lett. 2015,
15, 3236 – 3240.

[7] M. T. Pettes, I. S. Jo, Z. Yao, L. Shi, Nano Lett. 2011, 11, 1195 –
1200.

[8] J. H. Chen, C. Jang, S. D. Xiao, M. Ishigami, M. S. Fuhrer, Nat.
Nanotechnol. 2008, 3, 206 – 209.

[9] H. Hong, J. C. Zhang, J. Zhang, R. X. Qiao, F. R. Yao, Y. Cheng,
C. C. Wu, L. Lin, K. C. Jia, Y. C. Zhao, Q. Zhao, P. Gao, J. Xiong,
K. B. Shi, D. P. Yu, Z. F. Liu, S. Meng, H. L. Peng, K. H. Liu, J.
Am. Chem. Soc. 2018, 140, 14952 – 14957.

Figure 4. Improved optical and electrical properties of clean graphene.
a) UV/Vis spectra of monolayer (red), bilayer (green), and trilayer
(blue) superclean graphene films on quartz substrates. Inset: Photo-
graph of transferred clean (left) and unclean (right) monolayer
graphene films on quartz substrates 5 cm in diameter. b) Contrast
spectra of as-prepared clean (red) and unclean (blue) graphene films
and mechanically exfoliated monolayer graphene (black) on 90 nm
SiO2/Si substrates as a function of wavelength. c) Statistics of the
sheet resistance of clean (red) and unclean (blue) graphene devices.
Inset: Photograph of wafer-sized graphene devices fabricated using
a lithography technique (left) and optical microscopy image of a typical
graphene Hall bar device (right).
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