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ABSTRACT: Chemical vapor deposition (CVD) enables
the large-scale growth of high-quality graphene film and
exhibits considerable potential for the industrial produc-
tion of graphene. However, CVD-grown graphene film
contains surface contamination, which in turn hinders its
potential applications, for example, in electrical and
optoelectronic devices and in graphene-membrane-based
applications. To solve this issue, we demonstrated a
modified gas-phase reaction to achieve the large-scale
growth of contamination-free graphene film, i.e., super-
clean graphene, using a metal-containing molecule,
copper(II) acetate, Cu(OAc)2, as the carbon source.
During high-temperature CVD, the Cu-containing carbon
source significantly increased the Cu content in the gas
phase, which in turn suppressed the formation of
contamination on the graphene surface by ensuring
sufficient decomposition of the carbon feedstock. The
as-received graphene with a surface cleanness of about
99% showed enhanced optical and electrical properties.
This study opens a new avenue for improving graphene
quality with respect to surface cleanness and provides new
insight into the mechanism of graphene growth through
the gas-phase reaction pathway.

Chemical vapor deposition (CVD) has shown great promise
for the scalable production of carbon nanomaterials with

promising controllability, uniformity, and quality.1−4 However,
surface contamination is sometimes inevitable in the high-
temperature CVD process and degrades the growth behavior
and properties of the received materials.5 Given the two-
dimensional nature of CVD-grown graphene, surface contam-
ination of graphene highly degrades its intrinsic properties6 and
impedes its applications in many fields, such as electrical and
optoelectronic devices, e.g., organic light-emitting diodes.7

Therefore, the preparation of contamination-free graphene is
essential for its future industrial applications.8

To date, post-treatment processing techniques, including
high-temperature annealing9 and plasma-assisted etching,10

have been proposed to remove surface contamination on
graphene, mainly by removing the transfer-related polymer
residues and airborne contamination.11 However, the reported
cleanness of graphene after these routines is still far from
ideal,9,10 which indicates that the dominant factors for
improving cleanness are still unclear. The lack of consensus
over the origin of surface contamination has inspired us to
consider the contribution of high-temperature CVD to the
formation of surface contamination on graphene.
Herein, the main contamination on the CVD graphene

surface is found to be amorphous carbon, which is introduced
during the high-temperature CVD growth, rather than the
transfer step. Such an amorphous structure has been previously
regarded as a byproduct during the CVD growth of carbon
nanotubes.12 Based on the understanding of the formation
mechanism of amorphous carbon on graphene during high-
temperature CVD,13 we developed an efficient method to
directly grow superclean graphene with an areal cleanness of
∼99% using Cu(OAc)2 as a new carbon feedstock (Figures S1
and S2). The improved cleanness was mainly attributed to the
continuous supply of Cu in the gas phase during graphene
growth, which ensured sufficient decomposition of the carbon
species by reducing its activation energy. The improved
cleanness of grown graphene further ensured a reduced amount
of polymer residues on graphene in the subsequent transfer step
onto functional substrates. The superclean surface of graphene
contributed to its improved optical and electrical properties,
thus providing new opportunities for future graphene-based
applications.

Received: February 22, 2019
Published: May 6, 2019

Communication

pubs.acs.org/JACSCite This: J. Am. Chem. Soc. 2019, 141, 7670−7674

© 2019 American Chemical Society 7670 DOI: 10.1021/jacs.9b02068
J. Am. Chem. Soc. 2019, 141, 7670−7674

D
ow

nl
oa

de
d 

vi
a 

SO
O

C
H

O
W

 U
N

IV
 o

n 
N

ov
em

be
r 

16
, 2

02
4 

at
 0

4:
05

:5
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02068/suppl_file/ja9b02068_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02068/suppl_file/ja9b02068_si_001.pdf
pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b02068
http://dx.doi.org/10.1021/jacs.9b02068


In a conventional CVD system for high-quality graphene
growth, the decomposition degree of the carbon feedstocks, for
example, dehydrogenation of CH4 to CH3, CH2, and CH,14 is
highly dependent on the metal catalyst content,15 especially for
gas-phase reactions, and active carbon species accumulated in
the boundary layer have a significant impact on the growth
behavior of graphene.16 However, the ability of Cu vapor to
decompose CH4 during graphene growth is limited considering
that the saturated vapor pressure of Cu is less than 3 × 10−7 bar
(∼1000 °C)17 and Cu vapor content gradually decreased with
the increasing coverage of graphene on the Cu surface,
according to the surface-mediated growth mechanism.18

Therefore, when using a typical carbon source such as CH4,
the insufficient supply of Cu vapor during graphene growth is a
common problem, which would lead to a lower decomposition
degree of the carbon source in the gas phase, thus leading to the
formation of amorphous carbon (Figure 1a, top). The presence

of amorphous carbon on the CVD-grown graphene surface was
verified using atomic force microscopy (AFM), with an average
thickness of 2.4 nm (Figure 1b). Meanwhile, the universal
distribution of amorphous carbon on the graphene surface was
confirmed by a transmission electronmicroscopy (TEM) image,
where amorphous carbon showed a darker contrast and induced
an obvious diffraction ring in the corresponding fast Fourier
transform (FFT) (Figure 1c, inset). Clearly, the areas of the
continuous clean regions were only tens of nanometers, and the

area ratio of the clean regions was less than 50%, consistent with
previously reported values (Figure S3).9,19

Based on the understanding of the gas-phase reaction
mechanism, we found that the Cu-containing carbon source,
Cu(OAc)2, could continuously supply Cu to the boundary layer
during graphene growth. This guaranteed the sufficient
decomposition of the carbon species, thus suppressing the
formation of amorphous carbon. In this regard, a higher degree
of cleanness (∼99%) was achieved. The elimination of surface
contamination on graphene was confirmed by the AFM (surface
roughness <0.5 nm) (Figure 1d) and TEM characterization
(Figure 1e), where no obvious amorphous carbon was observed.
The clearly visible perfect hexagonal graphene lattice in the high-
resolution TEM (HRTEM) image (Figure 1e) and noise-level
D-band intensity in Raman spectra of the graphene grown from
Cu(OAc)2 (Figure S4) both indicated the potential of
Cu(OAc)2 in the growth of defect-free graphene with enhanced
surface cleanness.
Evaluation of graphene cleanness on a large scale can be

achieved using the selective deposition behavior of TiO2
particles formed from TiCl4 vapor (Figure S5).20 Owing to
the presence of abundant dangling bonds, the amorphous
carbon on an unclean graphene surface would adsorb a large
number of TiO2 particles and become multicolored upon
contacting TiCl4 vapor. In contrast, clean graphene film would
retain its original color after TiO2 deposition (Figure 1f and
Figure S6). To further confirm the contribution of Cu(OAc)2 to
cleanness enhancement and exclude the influence of other
factors, we used Cu(OAc)2 as the carbon feedstock to initiate
the nucleation of graphene and then changed it to 13C-labeled
CH4 for further epitaxial growth. Thus, a structure with
Cu(OAc)2-grown nuclei and a CH4-grown shell was formed,
as confirmed by the carbon isotope distribution verified by
Raman mapping (Figure S7). After TiO2 visualization, the
average density of the TiO2 nanoparticles in the Cu(OAc)2-
derived region (about 2 nanoparticles per 100 μm2) was clearly
lower than that in the CH4-derived region (about 73
nanoparticles per 100 μm2) (Figure 1g), further verifying the
improved cleanness of graphene grown by Cu(OAc)2.
For a more detailed understanding of the role of Cu vapor in

the cleanness enhancement of graphene, density functional
theory calculations of the dehydrogenation process of carbon
species were performed. CH4 underwent four steps to achieve
complete decomposition, and the energy barriers significantly
decreased with the participation of Cu catalyst (Figure 2a). For
example, the threshold barrier for CH4 decomposed into CH3
was up to 1.29 eV, whereas with the Cu catalyst, this value
sharply decreased to−0.04 eV. Thus, according to the Arrhenius
equation, the reaction rate of thermal decomposition was much
lower than that of catalytic decomposition in the gas phase, even
though both processes occurred in the high-temperature CVD
system. On this basis, the partial pressure of Cu vapor became
the vital factor deciding the dehydrogenation degree of carbon
species. Therefore, sufficient Cu catalyst supplied by Cu(OAc)2
(Figures S8−10) could promote the decomposition of the
carbon species in the gas phase to generate highly dehydro-
genated CHx active species and further decrease the formation
probability of amorphous carbon contamination (Figure 2b). In
contrast, a large quantity of carbon species, e.g., CH3, would
accumulate in the boundary layer and generate amorphous
carbon contamination on the graphene surface when CH4 was
used,21 owing to the limited amount of Cu vapor contributed by
Cu foil.

Figure 1. Cleanness improvement of Cu(OAc)2-derived graphene. (a)
Cleanness comparison between Cu(OAc)2- and CH4-derived gra-
phene. Top: Schematic of formation of amorphous carbon on the
graphene surface using CH4 as the carbon source. Bottom: Schematic of
growth of superclean graphene using Cu(OAc)2 as the carbon source.
(b, c) AFM (b) and TEM (c) images of unclean graphene with
observable presence of amorphous carbon obtained using CH4 as the
carbon source. Inset of (c): FFT pattern of the square region in (c). (d,
e) AFM (d) and TEM (e) images of clean graphene obtained using
Cu(OAc)2 as the carbon source. Insets in (e): FFT pattern of the
corresponding TEM image (top) and HRTEM image of graphene film
with lattice resolution (bottom). (f) Photograph of large-area graphene
films grown by Cu(OAc)2 (top) and CH4 (bottom) after TiO2
visualization using TiCl4 evaporation. (g) Density of TiO2 nano-
particles on clean (red) and unclean (blue) graphene. Inset: SEM image
of graphene grown using Cu(OAc)2 and CH4 sequentially, with clear
distributional difference of TiO2 nanoparticles.
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Meanwhile, the species on Al2O3 molecular sieves collected
from the boundary layer during graphene growth was
characterized using a Raman spectrometer (Figure S9). When
CH4 was used, a prominent D-band signal was detected,
confirming formation of abundant carbon species with poor
crystallinity, i.e., amorphous carbon (Figure 2c and d). In
contrast, no signals of amorphous carbon were detected when
using Cu(OAc)2, revealing its advantages to efficiently
suppressing formation of contamination. Besides, no improve-
ment of graphene cleanness was observed when using acetic acid
as carbon feedstock or adding CO2 through the synthesis of
graphene (Figure S11), further confirming the importance of
additional Cu supply.
Generally, a polymer-assisted transfer method is required for

further applications of graphene,22 whereas graphene film
synthesized using conventional CH4-based CVD was usually
covered by a high density of polymer residues (Figure S12).7

Notably, clean graphene grown using Cu(OAc)2 showed a clear
decrease in the amount of transfer-induced PMMA residues,
with no additional polymer particles observed in the AFM image
(Figure 3a) and roughness comparable to that of mechanically
exfoliated monolayer graphene (Figure 3b). In addition, time-
of-flight secondary ion mass spectrometry was conducted to
clarify the reduced transfer-related contamination on a clean
graphene surface using deuterated PMMA (2H-PMMA).23 After
removing 2H-PMMA using acetone, a prominent polymer-
related 2H peak was observed only in the spectrum of unclean
graphene (Figure S13), further confirming the advantages of
Cu(OAc)2. The presence of polymer residues could alter the
frictional features of the graphene surface.24 That is, Cu(OAc)2-
derived clean graphene exhibited a lower friction similar to that
of exfoliated graphene, much lower than that of CH4-derived
unclean graphene and pure PMMA film (Figure 3c,d and Figure
S14).
Clean graphene film exhibited improved optical and electrical

properties, probably owing to the less photon absorption and
electron scattering. The clean graphene grown by Cu(OAc)2
exhibited a lighter contrast after transfer to quartz substrates

than its unclean counterpart (Figure 4a and Figure S15), with its
light transmittance close to the theoretical simulation results.25

Multilayer clean graphene grown by Cu(OAc)2 fabricated via
layer-by-layer transfer also had high transmittance (Figure 4b).
Field effect transistor mobility of graphene grown by Cu(OAc)2
was about 9700 cm2/(Vs) at room temperature on a SiO2/Si
substrate (Figure S16). Meanwhile, based on the fabrication of

Figure 2. Theoretical investigation of the contribution of Cu(OAc)2 to
the cleanness improvement. (a) Calculated energy barriers of CH4
dehydrogenation in the gas phase with (red) and without (blue) Cu
catalyst (vapor). (b) Schematics of the role of Cu vapor in the gas phase
in promoting the decomposition of the carbon species and suppressing
the formation of amorphous carbon. (c, d) Typical Raman spectra (c)
of the species collected in the boundary layer during graphene growth
using Cu(OAc)2 (red) and CH4 (blue) and corresponding D-peak
mapping (d).

Figure 3. Surface cleanness of transferred graphene films. (a) AFM
image of clean graphene film transferred onto a SiO2/Si substrate with
the assistance of poly(methyl methacrylate) (PMMA). (b) Height
histograms of clean graphene film (red) in (a) and exfoliated graphene
(green). (c) Friction histograms of transferred graphene film grown by
Cu(OAc)2 (red) and CH4 (blue), with exfoliated graphene (green) and
PMMA film (purple) as references. (d) Friction comparison of the four
samples listed in (c). Inset: In situ height and friction images of unclean
graphene on a SiO2/Si substrate.

Figure 4. Optical and electrical properties of clean graphene grown by
Cu(OAc)2. (a) Photograph of large-area clean (left) and unclean
(right) graphene film transferred onto quartz substrates obtained using
Cu(OAc)2 and CH4 as carbon feedstocks, respectively. (b) UV−vis
spectra of monolayer, bilayer, and trilayer graphene films grown by
Cu(OAc)2 transferred onto quartz substrates. (c) Photograph of
graphene device patterns on a 4 in. SiO2/Si wafer. Inset: Optical
microscopy image of graphene devices. (d) Statistical results of sheet
resistance of graphene grown by Cu(OAc)2 (red) and CH4 (blue).
Inset: Sheet resistance mapping of clean graphene film.
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patterns of Hall-bar devices on a 4 in. SiO2/Si wafer (Figure 4c),
Cu(OAc)2-derived graphene film also exhibited a narrow
distribution of sheet resistance with an average value of ∼270
Ω/sq (Figure 4d and Figure S17).
In conclusion, we demonstrated a novel carbon feedstock to

grow high-quality graphene with significantly improved surface
cleanness. The as-prepared superclean graphene, with >99%
surface clean region, exhibited clearly reduced polymer residue
amounts on its surface after transfer and improved optical and
electrical properties. This study provides new insights into gas-
phase reaction engineering to obtain high-quality superclean
graphene films and paves the way for the large-scale production
of graphene films with improved properties for future
applications.
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