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G

raphene is a two-dimensional (2D)
monolayer of carbon atoms.1,2 Since
being identiﬁed in 1969,3 it has revealed a cornucopia of enticing properties,
such as the ballistic transport and quantum
Hall eﬀect, which make it a promising candidate for future electronic applications.2,46
In addition, AB-stacked bilayer graphene is of
interest to microelectronics owing to its tunable band structure.7,8 The bandgap can be
tuned up to 250 mV by a perpendicular
electric ﬁeld, which is useful in various devices
such as tunneling ﬁeld-eﬀect transistors and
tunable laser diodes.7,9,10 Prototype graphene
transistors, with an on/oﬀ ratio exceeding 100
at room temperature, have been successfully
fabricated by using AB-stacked bilayer graphene obtained by mechanical exfoliation of
graphite.9 However, the mechanical exfoliation method is time-consuming and unsuitable for industrial applications.
Chemical vapor deposition (CVD) of hydrocarbons on metal substrates, especially
Ni and Cu, is a promising and versatile
technique to synthesize large-area, high
quality graphene sheets that are transferrable onto dielectric substrates.1115 Pure Ni
foils usually generate graphene ﬁlms with
small domains and variable thickness across
the ﬁlms.13,16 Ni thin ﬁlm with thickness of
hundreds of nanometers on SiO2 substrate
was used for growing double-layer graphene, but the two layers were not ABstacked. Cu and CuMo alloy were reported
as excellent for generating monolayer graphene, but these substrates were usually
poor for bilayer and multilayer ﬁlms, especially in AB-stacked, because of the selfterminating growth.10,11,17 A two-step
growth scheme was reported to yield bilayer domains on Cu;9 however, the domain
size was limited to around 20 μm. The
diﬀerence in graphene growth on Ni and
WU ET AL.

ABSTRACT

Strongly coupled bilayer graphene (i.e., AB stacked) grows particularly well on commercial
“9010” CuNi alloy foil. However, the mechanism of growth of bilayer graphene on CuNi
alloy foils had not been discovered. Carbon isotope labeling (sequential dosing of 12CH4 and
13

CH4) and Raman spectroscopic mapping were used to study the growth process. It was

learned that the mechanism of graphene growth on CuNi alloy is by precipitation at the
surface from carbon dissolved in the bulk of the alloy foil that diﬀuses to the surface. The
growth parameters were varied to investigate their eﬀect on graphene coverage and isotopic
composition. It was found that higher temperature, longer exposure time, higher rate of bulk
diﬀusion for 12C vs 13C, and slower cooling rate all produced higher graphene coverage on this
type of CuNi alloy foil. The isotopic composition of the graphene layer(s) could also be
modiﬁed by adjusting the cooling rate. In addition, large-area, AB-stacked bilayer graphene
transferrable onto Si/SiO2 substrates was controllably synthesized.
KEYWORDS: CuNi alloy . carbon isotopes . growth mechanism . AB-stacked
bilayer graphene . Raman . TOF-SIMS . TEM

Cu is primarily due to the diﬀering solubility
of carbon, that is, about 1.3 atom % of
carbon in Ni18 but <0.001 atom % of carbon
in Cu, at 1000 °C.16,19,20 We evaluated commercial CuNi alloy foils, which are available in two standard types, namely “9010”
(weight percent: 88.00% Cu, 9.90% Ni) and
“7030” (weight percent: 67.80% Cu,
31.00% Ni),16 thus predominately Cu but
with substantial Ni (and other elements as
VOL. XXX

’

NO. XX

’

* Address correspondence to
r.ruoﬀ@mail.utexas.edu.
Received for review April 17, 2012
and accepted August 25, 2012.
Published online
10.1021/nn301689m
C XXXX American Chemical Society

000–000

’

XXXX

A
www.acsnano.org

RESULTS AND DISCUSSION
Isotopic labeling was used to probe the growth
mechanism of graphene on our CuNi alloy foil. After
annealing under 2 sccm H2 at 1050 °C, 10 sccm normal
methane (12CH4) and 10 sccm 13C-labeled methane
(13CH4) (methane partial pressure PMe = 110 mTorr)
were alternately input for 10 min each, and then the
sample was cooled at a rate of 5 °C/min. Monolayer
graphene was obtained with some adlayer islands.
Only monolayer areas were chosen for the Raman
analysis to avoid the coupling between layers which
would impact the Raman shifts. A graphene domain
that contains 12C and 13C at an atomic ratio of n12/n13
gives Raman shifts at
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m12
(1)
ωi ¼ ωi, 12
n12 m12 þ n13 m13
where ωi,12 is the Raman shift of band i of 12C-graphene,
m12 and m13 are the atomic masses, and n12 and n13 are
the atomic fractions of 12C and 13C, respectively.18,21
Using this method, the local isotopic composition of
graphene can be determined. We would expect graphene composed of pure 12C- and 13C-graphene domains with Raman shifts at ω12 and ω13, respectively, if
the ﬁlm formed by surface mediated-growth. Alternatively, graphene domains containing a mixture of 12C and
13
C, with a Raman shift of ω determined by eq 1, would be
observed if the growth occurs by a segregation and/or
the preciptation mechanism.18,21
Figure 1 panels a and b show an optical micrograph
and a Raman map of the G peak position of a monolayer
WU ET AL.

graphene transferred onto a SiO2/Si substrate, respectively. The uniform contrast of the whole Raman map
without distinguishable isotopic separation suggests that
12
C and 13C are randomly distributed over the graphene
ﬁlm without either locally segregated. Figure 1c shows a
typical Raman spectrum from the region in Figure 1b. The
D, G, and 2D bands are located at the frequencies of 1330,
1565, and 2633 cm1, respectively, which indicates a
mixture of 70% 12C and 30% 13C according to eq 1. These
results suggest that the graphene ﬁlm was formed
though the surface precipitation of carbon diﬀusing out
from the bulk,18 and a schematic diagram visualizing the
growth process and the distribution of carbon isotopes is
shown in Figure 1d. To address the possibility that
residual carbon impurities within the substrate could
alter the precipitation process, two control experiments
were performed. The results showed that the graphene
growth observed here was not inﬂuenced by the residual
carbon in the substrate (for details, see Supporting
Information Figure S1).
To achieve a deeper understanding, growth conditions were varied to determine their eﬀect on graphene growth. On the basis of the knowledge that the
solubility of carbon changes with temperature, we ﬁrst
studied the inﬂuence of carbon-deposition temperature on the graphene growth. The samples were prepared at temperatures of 1035, 1050, 1060, and 1080 °C
in 2 sccm H2 and 10 sccm 12CH4 (or 13CH4) for 10 min,
with a 12CH4 (or 13CH4) partial pressure of 110 mTorr
and a cooling rate of 30 °C/min. Compared with the
sample in Figure 1, a much faster cooling rate was used
here to achieve submonolayer graphene coverage.16
Figure 2ad shows the scanning electron microscopy (SEM) images of 13C-graphene (left panel) and
12
C-graphene (right panel) on CuNi alloy foils synthesized at various temperatures. The clear contrast diﬀerences show the graphene thickness, for example, 0, 1,
and 2 layers.11 The coverage of both 13C-graphene and
12
C-graphene increases with temperature, because the
solubility (Nc) and diﬀusivity (Dc) of carbon depend on
the temperature as
!
ΔH0
Nc ¼ N0c exp
(2)
RT
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well). Such metal foils ﬁnd commercial use for example in ship-building, as the Ni (and other minority
components) imbues the Cu with much greater resistance to corrosion, such as by salt water. With “7030”
CuNi alloy foils we have synthesized large-area graphene and graphite thin ﬁlms;16 however, the growth
mechanism was not fully understood, and the structure of the layer stacking was not previously studied.
CVD growth of graphene on Ni occurs by precipitation
from the bulk Ni, while growth on Cu at least for low
pressure CVD appears to occur by surface mediated
growth.18 The relatively small Ni concentration in the
“9010” CuNi alloy foil suggested to us the possibility of it potentially yielding high quality and large-area
AB-stacked bilayer graphene.
In this work, carbon isotope labeling by sequential
doping of unlabeled or 13C-labeled methane, and
Raman mapping, were used to probe the mechanism(s) of growth of monolayer and bilayer graphene on
“9010” CuNi alloy foil. The eﬀects of temperature,
time, rates of diﬀusion for 12C vs 13C, and cooling rate,
were systematically studied with an eye toward elucidating growth mechanism(s). High-quality, large-area
monolayer and AB-stacked bilayer graphene were
successfully achieved.

and


QD
Dc ¼ D0c exp
RT

(3)

respectively. In these expressions, R is the universal gas
constant, ΔH0 is the partial molar enthalpy of solution
for carbon, QD is the activation energy for diﬀusion, and
N0c and D0c are the solubility and diﬀusion constants,
respectively. These equations suggest that higher
temperature enhances both the solubility and diﬀusivity of carbon in the alloy foil, thus greater graphene
coverage was formed during the cooling process.
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Figure 1. (a) Optical micrograph of a monolayer graphene transferred onto a 285 nm SiO2/Si substrate. (b) The corresponding
Raman map generated by the position of the G band (G12þ13, 15001650 cm1). (c) A Raman spectrum acquired from panel b.
(d) Schematic diagrams of the growth process of carbon isotope labeled graphene, and the possible distribution of 12C and
13
C atoms in graphene ﬁlms and inside the CuNi alloy. The gray and blue balls represent the 12C and 13C atoms, respectively.

Figure 2. (ad) SEM images of the 13C-(left panel) and 12C-graphene (right panel) on CuNi alloy foils for a deposition time of
10 min and diﬀerent deposition temperatures. (eh) SEM images of the 13C-graphene (left panel) and 12C-graphene (right
panel) on CuNi alloy foils for a deposition temperature of 1050 °C and various exposure times.

In addition to the observation of temperaturedependent graphene coverage, 12C-graphene exhibits
a higher coverage than 13C-graphene at all the exposure temperatures. For example, submonolayer 12Cgraphene is obtained at 1035 °C while no 13C-graphene is
observed (Figure 2a), and a full-coverage 12C-graphene
ﬁlm with adlayers is obtained at 1080 °C but only a
submonolayer of 13C-graphene is obtained at the same
temperature (Figure 2d).
It is also noted that longer carbon deposition time
generates graphene with greater coverage. Figure 2
panels eh show the SEM images of 13C- and 12Cgraphene on the alloy foils obtained at a deposition
temperature of 1050 °C and diﬀerent deposition times.
All other growth parameters were the same as the
WU ET AL.

samples shown in Figure 2ad. No graphene or only
small graphene domains with around 5 μm in size
(Figure 2e) are found with the exposure of alloy foils to
13
CH4 or 12CH4, respectively, for 5 min. A signiﬁcant
increase in graphene domain size for 13CH4 exposure
for 20 min is observed (Figure 2h), and a completely
covered, uniform monolayer graphene is formed for
20 min exposure of 12CH4. A full-monolayer graphene
ﬁlm was transferred from the alloy surface onto a SiO2/
Si substrate, as shown in Figure 3a. The color contrast of
the optical image is uniform, which means a uniform
thickness of the graphene ﬁlm. The quality and layer
number were evaluated by Raman spectroscopy. As
shown in Figure 3b, the D peak is almost undetectable
compared with the intense G and 2D bands, indicating
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J ¼ D(dC=dx)

Figure 3. (a,b) Optical microscope image and a typical
Raman spectrum taken from monolayer graphene transferred onto a 285 nm SiO2/Si substrate; (c,(d) Normalized
temperature-dependent and carbon-deposition-timedependent coverage of 12C- and 13C-graphene, respectively.
The error bars are generated by examining some SEM images
at each growth condition.

the absence of a signiﬁcant number of defects. The 2D
band has a Lorentzian proﬁle centered at 2678 cm1
with a full width at half-maximum (fwhm) of 33 cm1,
and the intensity ratio of G/2D is about 0.32. These
features are typical of high-quality, monolayer graphene.
It is also notable from the SEM images in Figure 2
that the density of graphene islands increases with
the growth temperature, and the average area of the
islands steadily increases with exposure time. We
studied several SEM images from each unique sample
growth condition, and found that (1) the number of
nucleating 12C-graphene islands increases from about
23 to 34 per 105 μm2 area when the growth temperature is raised from 1035 °C (Figure 2a) to 1050 °C
(Figure 2b), while the lateral diameter of the islands
only changes from around 14 to 15 μm; (2) at 1065 °C,
the islands merge together and form a continuous
layer (Figure 2c); (3) for 12C-graphene, the average
lateral diameter of the islands are around 5 μm
(Figure 2e), 15 μm (Figure 2f) and 18 μm (Figure 2g)
at growth times of 5, 10, and 15 min, respectively; (4) for
13
C-graphene, the island size extends from around
9 μm at 15 min (Figure 2g) to 17 μm at 20 min (Figure 2h).
In other words, higher temperatures increase the
graphene coverage mainly by producing more nucleation points, while longer exposure time increases the
graphene coverage mainly by extending the size of
each island.
The normalized graphene coverage with respect to
the deposition temperatures and times are plotted
WU ET AL.
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numerically in Figure 3 panels c and d, respectively.
The graphene coverage is determined by dividing the
area of monolayer graphene by the total area captured
in the SEM images. Thus, a coverage value of 1 is for a
complete monolayer graphene ﬁlm, <1 is for a submonolayer graphene ﬁlm, and >1 is for a graphene ﬁlm
with adlayers. The coverage of 12C-graphene was
found to be 0.20.5 higher than that of 13C-graphene
at all of the growth conditions in this study.
Considering the evidence for precipitation growth of
graphene on CuNi alloy, the growth rate of graphene
on CuNi alloy should be proportional to the diﬀusion
ﬂux J per Fick's ﬁrst law:22
(4)

where D is the diﬀusion coeﬃcient, C is the concentration of carbon and x is the depth in the CuNi alloy.
Thus, the growth rate of graphene on CuNi alloy is
dominated by the diﬀusion coeﬃcient and the concentration gradient of carbon. The diﬀusion coeﬃcients of 12C and 13C in CuNi alloy obey the classical
relationship:
D12
¼
D13



m13
m12

1=2
(5)

where D12 and D13 are the relevant diﬀusion coeﬃcients, and m12 and m13 are the atomic masses of 12C
and 13C atoms, respectively.2327 Hence, the diﬀusion
coeﬃcient of 12C is about 4% higher than that of 13C.
To probe the concentration gradient of carbon at the
alloy surface, we used time-of-ﬂight secondary ion
mass spectrometry (TOF-SIMS), a surface analysis technique for chemical composition characterization, to
track the distribution of carbon isotopes in the foils.28,29
The 12C and 13C content in CuNi alloy foil without
carbon deposition were measured ﬁrst (Figure 4a)
to isolate any residual carbon inﬂuence. Samples in
Figure 4b to 4e were grown at 1050 °C with a 2 sccm H2
ﬂow and a cooling rate of 30 °C/min under diﬀerent
methane ﬂows. Samples 4b and 4c (shown in Figure 4b,c)
were grown by introducing 10 sccm 12CH4 and 13CH4,
respectively. Sample 4d (shown in Figure 4d) was prepared with 10 sccm 12CH4 for 10 min and followed by
10 sccm 13CH4 for an additional 10 min. Sample 4e (shown
in Figure 4e) was prepared with the same conditions as
sample 4d except the methane gas order was reversed.
The depth proﬁles for the four samples shown in
Figure 4be have had the background contents of 12C
and 13C subtracted. In a comparison of samples 4b and 4c,
the concentration of 12C is higher near the surface, and
gradually decreases into the foil, while the concentration
of 13C is initially lower and decreases steeply. These results
reveal an isotope eﬀect for carbon diﬀusion, and possibly
also to the diﬀerent solubility of the diﬀerent carbon
isotopes in such a foil.25,30 A similar isotope eﬀect is found
in samples 4d and 4e. The concentration of 13C in sample
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Figure 4. (a) The depth proﬁles of background 12C and 13C in CuNi alloy foil without carbon deposition. (b,c) The depth
proﬁles of 12C and 13C in CuNi alloy foil for the two samples grown with only 12C or only 13C deposition, respectively. (d,e)
The depth proﬁles of 12C and 13C in CuNi alloy foil for the two samples with opposite isotope-deposition orders.

Figure 5. (a) Optical microscope image of bilayer graphene transferred onto a 285 nm SiO2/Si substrate. (b) Raman map of the
fwhm of 12C-2D (2D12, 26502750 cm1) band from the same area in panel a. (c) Raman spectra from the positions marked by
A and B in panel b.

4d is about twice that of 12C near the surface, but becomes
lower than that of 12C as the depth passes 20 nm. In
sample 4e, the proﬁles of 12C and 13C almost parallel
each other, but the 12C penetrates further into the alloy
foil, leading to about an order of magnitude higher
concentration than that of 13C. Considering that the
solubility of carbon in our CuNi alloy is about 0.01 wt %
at 1000 °C,31 it takes carbon atoms that are distributed within around 8 nm of the surface of the CuNi
alloy foil to form a complete monolayer graphene ﬁlm.
Integrating the TOF-SIMS data within 8 nm of the
surface, the content of 12C in sample 4b is about 1.5
times higher than that of 13C in sample 4c, and the
content of 12C in sample 4e is about 8 times higher than
that of 13C in sample 4d. These results suggest that the
concentration gradient of 12C at the surface of the
CuNi alloy is higher than that of 13C, though in situ
temperature-dependent TOF-SIMS data were not possible as they are limited by the measurement technique. The higher diﬀusion coeﬃcient and concentration gradient of 12C results in a higher diﬀusion ﬂux
than that of 13C according to Fick's law, and these
factors dominate the graphene growth rate at the
CuNi alloy surface. Moreover, the carbon concentration gradient at the surface also depends on the
diﬀusion of 12C and 13C atoms as the carbon source,
WU ET AL.

thus, the diﬀusion coeﬃcient diﬀerence of 12C and 13C
could be the major factor for the higher growth rate of
12
C-graphene.
According to our previous work,16 the precipitation
process is strongly dependent on the cooling rate of
the substrate. Thus, the isotopic growth process described here was used to control the ratio of 12C and
13
C in graphene by changing only the cooling rate (see
Supporting Information Figure S2).
Since the carbon deposition temperature, time,
diﬀusion coeﬃcient, and cooling rate can all inﬂuence
the graphene coverage or the isotopic composition,
this work provided us a path to obtain multilayer
graphene with diﬀerent isotopic compositions in
each layer. As shown in Figure S3 (see Supporting
Information), we synthesized a graphene monolayer
of nearly pure 13C with adlayers having 84.3% 12C and
15.7% 13C. Such isotopically engineered graphene may
possess some new physical properties, for example,
the thermal transport.32
In addition, for all the samples above, the submonolayer and adlayer graphene islands are almost
hexagonal in shape, with maximum diameter measured to be around 25 and 10 μm, respectively. For
each island, only one set of diﬀraction patterns was
present in transmission electron microscopy (TEM)
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selected area electron diﬀraction (SAED) measurements, indicative of single crystal structure. Dozens
of submonolayer islands were measured, and a typical
SAED image is shown in the Supporting Information
Figure S4.
By controlling the growth conditions, we obtained
submonolayer and monolayer graphene and, also, we
synthesized bilayer graphene on CuNi alloy. Generally, the turbostratic graphene is due to the dislocations between two graphene layers,33 and a slower
crystal growth rate yields fewer crystalline dislocations.
We found that a slow cooling rate favors AB-stacked
bilayer graphene, because at this condition the slow
precipitation of carbon yields slow growth. Therefore, a
cooling rate of 5 °C/min was used for growing ABstacked bilayer graphene. A low methane ﬂow rate and
a long deposition time can further improve the uniformity of bilayer graphene. Figure S5 (in Supporting
Information) shows the optical images of two samples
grown at 1050 °C and a cooling rate of 5 °C/min.
Sample S5-a and sample S5-b were synthesized with
10 sccm CH4 for 40 min, and with 5 sccm CH4 for
70 min, respectively. Compared with sample S5-a, the
proportion of bilayer graphene coverage of sample
S5-b is greatly improved from 52.1% to 82.2%. We
suggest that it is because a more uniform distribution
of carbon in CuNi alloy was formed under a lower
methane ﬂow rate and longer heating time. Favorable
growth conditions for bilayer graphene are as follows:
2 sccm H2 and 3 sccm CH4 (PMe = 45 mTorr) at 1050 °C
for 100 min, and a cooling rate of 5 °C/min. A typical
bilalyer graphene ﬁlm transferred onto a SiO2/Si substrate
is shown in Figure 5a. Over 96% of the 80  80 μm2 area
has the same contrast, which suggests uniform
thickness. In Figure 5b, the fwhm of the Raman 2D
band was mapped and shows that most of the area has
a fwhm within 4552 cm1, except for some multilayer
graphene islands. These islands have a 2D band fwhm
of around 60 cm1 except for the region B, where the
fwhm is around 32 cm1. Raman spectra of region A
and B (marked in Figure 5b) are shown in Figure 5c. In
region A, the D band is undetectable, and the intensity
ratio of IG/I2D is around 2. The 2D band is blue-shifted
about 13 cm1 with respect to monolayer graphene,
and the fwhm is 48 cm1 with a distinct shoulder present in the left side of the peak (marked by the black arrow
in the inset of Figure 5c). Also, four Lorentzian peaks
centered at 2658, 2688, 2706, and 2721 cm1 ﬁt the 2D
band very well.3436 These results suggest that most of
the area in Figure 5a is bilayer graphene with strong
coupling between the layers.3437 In region B, the IG/I2D
ratio is around 0.5 and the 2D band fwhm is 32 cm1
without obvious broadening, which are the typical characteristics of a weak or noncoupling multilayer graphene.
The stacking structure of the bilayer graphene was
studied by TEM.38 We transferred the ﬁlm onto a TEM
grid and located the edge between monolayer and

Figure 6. (a) SEM image of a graphene ﬁlm transferred
onto a TEM grid, with monolayer graphene in region A
and bilayer graphene in region B. (b) high resolution
TEM image taken in region B, with the distinct ﬁngerprints showing an interlayer spacing of about 0.34 nm.
(c and d) The SAED patterns and the corresponding
intensities along the red lines measured in region A
and B, respectively, implying monolayer and AB-stacked
bilayer graphene.

double-layer graphene by SEM. As shown in Figure 6a,
region B is brighter than A, indicating more graphene
layers. A high resolution TEM image (Figure 6b) was
taken at region B, with the folded area showing a fringe
spacing of about 0.34 nm and corresponding to bilayer
graphene.39 SAED patterns of regions A and B, and
their diﬀraction intensities along the red lines are
displayed in Figure 6 panels c and d, respectively. Only
one set of diﬀraction patterns with 6-fold symmetry is
found for each region. For region A, the intensity of the
ﬁrst-order diﬀraction is higher than that of the secondorder, indicating monolayer graphene. For region B,
the diﬀraction patterns have the same orientation as
that of region A, but the ﬁrst-order diﬀraction has lower
intensity than the second-order, which suggests
that the double-layer graphene in region B is ABstacked.35,38
CONCLUSION
A hot wall CVD system was used to synthesize
graphene ﬁlms on “9010” CuNi alloy foils. By sequentially introducing isotopic carbon, graphene with
randomly mixed isotopes was formed and detected by
Raman spectroscopy. This suggests a surface precipitation mechanism of graphene growth on CuNi alloy.
The growth parameters were studied and it was found
that a higher carbon deposition temperature, longer
deposition time, and slower cooling rate resulted
in greater graphene coverage on this CuNi alloy foil.
Compared with 13 C-graphene, greater coverage of
12
C-graphene in identical growth conditions was also
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METHODS
A hot wall CVD system with a horizontal tube furnace was
used to synthesize graphene thin ﬁlms. Polycrystalline CuNi
foils (120 μm-thick; weight percent, 88.00% Cu, 9.90% Ni, 0.44%
Mn, 1.54% Fe, and 0.10% Zn, All Metal Sales, Inc.) were cut into
10 mm 50 mm pieces and loaded into the tube as the metal
substrates. A vacuum background of about 0.1 mTorr was
reached in the tube before carbon deposition. The substrates
were heated to 1050 °C and held for 30 min under 2 sccm H2 (Air
Gas Inc. 99.999%) to remove the surface oxide before growth.
12
CH4 (Air Gas, 99.999%) and 13CH4 (Cambridge Isotopes, 99.2%
pure) were used as the gaseous carbon source. The process was
similar to that used for growing graphene on Cu foil.11 The
growth parameters such as deposition temperature, time, and
cooling rate were controlled to obtain 12C- or 13C-graphene with
diﬀerent coverage. The graphene thin ﬁlms were transferred by
poly(methyl methacrylate) (PMMA) onto either SiO2/Si (285 nm
SiO2) substrates for Raman measurements, or TEM grids (with
quantifoil holey carbon ﬁlm) for TEM studies.11
SEM images of the samples were taken with an FEI Quanta600 FEG Environmental SEM using a beam voltage of 30 kV. The
carbon isotopes in graphene and the number of stacking layers
were determined by a confocal microprobe Raman system
(WITec Alpha300, 100 N.A., 532 nm excitation laser, ∼6 mW).40,41
The Raman laser beam size was about 250 nm, and a 200 nm step
size was applied in mapping to cover the whole scanning region.
The TOF-SIMS spectra were acquired on a TOF.SIMS5 instrument
(ION-TOF GmbH, Germany, 2010). Csþ and O2þ ions at 1 kV were
used as the sputter beams to obtain negative and positive
secondary ions, respectively, and 30 kV Biþ ions composed the
analysis beam. TEM images were obtained on a JEOL2010F TEM
operating at an accelerating voltage of 200 kV, using an acquisition time of 1 s.42 A Gatan image ﬁlter and multiscan digital CCD
camera were used for the image acquisition with a resolution of
1024  1024 pixels and binning of 1  1.
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