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AB-stacked bilayer graphene has attracted wide interest because 
of its potential use in electronic and photonic devices1. ‘Top-
down’ mechanical exfoliation yields bilayer graphene flakes 

that are typically tens of micrometres with other flakes ranging from 
monolayers to thick multilayers2. The growth of large-area graphene 
films with a precisely controlled numbers of layers remains an impor-
tant challenge. Chemical vapour deposition (CVD) is an effective 
‘bottom-up’ technique for the growth of large-area single layer gra-
phene film on Cu foils3, however, the growth of bilayer graphene 
on Cu foils remains a challenge due to a self-limiting growth pro-
cess that favours single layer growth3. Recently, a few methods have 
been reported that overcome this self-limiting aspect. These include 
(1) spatially arranging Cu substrates so that the bare Cu foil at the 
upstream side generates reactive gas phase species that collide with 
the graphene coated Cu foil at the downstream side4, (2) adjusting 
the pressure of methane to control the nucleation rate5, (3) introduc-
ing a high hydrogen/methane ratio (20–1,400) to expose part of the 
monolayer graphene-covered Cu surface6 and (4) using ethanol7 as 
the carbon precursor rather than methane. The growth mechanism 
of bi- and few-layer graphene on other transition metals, such as 
Ir(111) and Ru(0001), has also been studied in real time using low 
energy electron microscopy8–10. However, a survey of the literature 
shows that a high coverage of 100% AB-stacked bilayer graphene over 
centimetre or larger sizes has not been achieved. In addition, there 
has been, to the best of our knowledge, no report of the growth of 
high coverage ABA-stacked trilayer graphene over a large area.

The Cu/Ni alloy is a ‘textbook’ isomorphous alloy because the 
Ni and Cu atoms are almost the same size, are adjacent elements in 
the periodic table and exhibit complete solid solubility. It is known 

that the solubility of C in Cu at around 1,000 °C is very low (about 
75 ± 0.5 ppm)11 while the value at 1,000 °C for C in Ni is 1.3 at.%  
(ref. 12). Changing the composition of a Cu/Ni foil produces a change 
in the solubility of carbon in the foil that could enable controlled 
growth of bilayer and multilayer graphene. We previously reported 
using polycrystalline commercial Cu/Ni alloy foils (such as ‘70–30’ 
Cu–Ni alloy and ‘90–10’ Cu–Ni alloy) to synthesize bilayer and mul-
tilayer graphene thin films13,14. However, the fixed concentration of Ni 
and the presence of other elements that are deliberately added to such 
alloys (to make them corrosion resistant), does not allow for a full 
scientific study such as is possible by having an alloy of only the two 
elements whose concentrations can be finely controlled, and also by 
having a single crystal with the (111) surface orientation that is well 
matched to the graphene lattice. Cu/Ni alloy thin films made either by 
sputtering or by thermal evaporation have also been used for the con-
trolled growth of graphene films with different numbers of layers15,16. 
However, the fraction of the multilayer film that was AB-stacked was 
low and the layer stacking sequence of the multilayer graphene was 
not fully characterized. In addition, the conversion of high-quality 
AB-stacked bilayer and/or few-layer graphene into an ultrathin ‘dia-
mond-like’ (diamane) film(s) through surface hydrogenation or fluo-
rination has been theoretically predicted17–19 and also been recently 
experimentally achieved by our group20. Our preparation of a high-
quality and large-area AB-stacked bilayer graphene film, as described 
here, was critical to the conversion of such films to diamane films.

We prepared a series of Cu/Ni(111) alloy foils by heat-treating 
Ni-plated Cu(111) foils21. The Ni content in the foil was precisely 
controlled by adjusting the amount of Ni electroplated onto the Cu. 
Using such ‘home-made’ Cu/Ni(111) foils we have achieved large-area  
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AB-stacked (almost 100%) bilayer graphene with a high coverage  
(more than 95%) over several square centimetres. Trilayer ABA-
stacked (almost 100%) graphene with more than 60% areal cover-
age was achieved over several square centimetres with single-crystal 
alloy foils containing 20.3 at.% Ni. The structures of these bilayer 
and multilayer graphene films was investigated using time of 
flight–secondary ion mass spectrometry (ToF–SIMS) mapping, 
in  situ hydrogen etching in an environmental scanning electron 
microscope (ESEM) and high-resolution transmission electron 
microscopy (HRTEM) of the cross-sections of the samples. We also 
measured the electrical transport (carrier mobility and band-gap 
tunability), thermal conductivity and tensile loading response of the 
centimetre-scale bilayer graphene film.

Recently, our laboratory prepared large-area single-crystal 
Cu(111) foils by heat-treating commercial Cu foils in an Ar/H2 
environment22. The characterization of the foils is shown in the 
Supplementary Information (Supplementary Fig. 1). The X-ray 
diffraction (XRD) pattern and the electron backscatter diffraction 
(EBSD) map indicate the (111) normal orientation of the prepared 
Cu foils; the in-plane orientation is also identical everywhere22.  
Figure 1a shows the Cu/Ni foil preparation process, which includes 
plating a layer of Ni onto both sides of a Cu(111) foil and then heating 
it in a CVD chamber at 1,050 °C for 5–7 h to obtain the Cu/Ni(111) 
foil (see Methods for experimental details). A photograph of a piece 
of as-prepared Cu/Ni(111) alloy foil (3 × 5 cm2 in size) is shown in  
Fig. 1b. XRD was acquired from the marked regions and shows that 
the foil is single crystal with a (111) surface. SEM images and XRD 
patterns for the Ni-plated Cu(111) and Cu/Ni(111) foils (16.6 at.% Ni)  
are shown in Supplementary Fig. 2. EBSD maps of the Cu/Ni alloy 
foil and inverse pole figure colour maps of both the surface nor-
mal and transverse directions of the alloy foil are shown in Fig. 1d  
and Supplementary Fig. 3. The EBSD maps show the successful 
preparation of a single-crystal Cu/Ni(111) alloy foil over a large area 
(about 3 × 5 cm2) by the heat treatment of the Ni-coated Cu(111) foil.

Figure 2a shows the Raman spectra of the graphene grown on 
the Cu/Ni(111) foil (16.6 at.% Ni) in which the absence of D peak(s) 
demonstrate its high-quality. The spectrum from a monolayer gra-
phene region shows a narrow and symmetric two-dimensional (2D) 
peak with an intensity ratio of the 2D band to the G band (I2D/IG) 
of ~2 and a full-width at half-maximum (FWHM) of ~30 cm−1. The 
2D peak for bilayer graphene is wider (FWHM ~51 cm−1) with an 
I2D/IG ratio close to 1, entirely consistent with AB-stacked bilayer 

graphene23. The asymmetric 2D band of the bilayer graphene can 
be fitted by four Lorentzian peaks, as shown in Fig. 2b, proving the 
AB stacking of the as-prepared bilayer graphene24,25. The 2D band of 
trilayer graphene was fitted by six Lorentzians (Fig. 2b) and shown 
to be ABA, as per Raman studies on exfoliated ABA-stacked trilayer 
graphene flakes and CVD-grown trilayer graphene samples24,26. 
Figure 2c shows an optical image of a transferred bilayer graphene 
island that was prepared by 5-min exposure to a gas flow (200 stan-
dard cubic centimetres per minute (sccm) Ar/10 sccm H2/1 sccm 
CH4) at 1,075 °C (16.6 at.% Ni). Figure 2d,e shows the Raman map 
of the intensity ratio of the D band to the G band (ID/IG), and the 2D 
peak FWHM of the bilayer islands, respectively. The monolayer and 
bilayer regions can be easily distinguished from the 2D FWHM map 
in which the monolayer region has a uniform green colour and the 
bilayer region has a uniform red colour. The uniformity in the 2D 
FWHM map indicates that the bilayer islands are AB stacked and 
single crystal. Increasing the growth time to 10 min resulted in the 
formation of a nearly continuous bilayer graphene film, see Fig. 2f. 
Raman maps of the ID/IG ratio and 2D FWHM for the continuous 
bilayer film showed uniform contrast over the entire area (Fig. 2g,h).  
Supplementary Fig. 5 shows 100 representative Raman spectra  
from the mapped region (an area of 1 × 2 cm2) and the 2D FWHM 
distribution histogram that together prove the high ‘homogeneity’ 
of the AB-stacked bilayer graphene film. Additional Raman maps 
of the bilayer islands and of the continuous bilayer films at different 
regions across the whole transferred sample (1 × 2 cm2) are given in 
Supplementary Fig. 6. The uniformity of the Raman map indicates 
that the bilayer graphene is close to 100% AB-stacked. We have also 
compared the bilayer graphene grown on a Cu/Ni(111) foil with 
that grown on a polycrystalline Cu/Ni foil under the same growth 
conditions (Supplementary Fig. 7). The bilayer graphene grown on 
polycrystalline Cu/Ni foil shows low quality with a much higher 
ID/IG ratio, many non-uniform multilayers and many misoriented 
bilayer regions (AB-stacking ratio is less than 70%). These results 
suggest that single-crystal Cu/Ni(111) foils favour the growth of 
uniform AB-stacked bilayer graphene. Figure 2i–k shows the opti-
cal microscopy image and Raman mapping results of the trilayer 
graphene film. Negligible D peaks and the uniform contrast indi-
cate high-quality, uniform ABA-stacking (2D FWHM ~60 cm−1) 
over the entire region. In addition, a comparison between our ABA-
stacked trilayer graphene and mechanically exfoliated ABC-stacked 
trilayer graphene is shown in Supplementary Fig. 8.
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Fig. 1 | Preparation and characterization of Cu/Ni(111) foils. a, Schematic of the preparation of the Cu/Ni(111) foils. b, Photograph of an as-prepared  
Cu/Ni(111) foil. c, XRD patterns taken from different regions across the whole sample (3 × 5 cm2), as indicated in b. d, EBSD map of the Cu/Ni(111) foil. 
Inset: colour code for the inverse pole figure. Scale bar, 90 μm.
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The carbon solubility is a function of the concentration of Ni, 
[Ni], in Cu (ref. 27). The [Ni] in a Cu/Ni alloy foil influences the 
synthesis of graphene films with a specific number of layers28. 
We prepared Cu/Ni(111) foils with different Ni concentrations 
and investigated graphene growth under the same conditions 
(1,075 °C for 10 min; Ar/H2/CH4 (200/10/1 sccm, respectively; 
40 torr)). Supplementary Fig. 9 shows optical microscope images 

of the graphene films after transfer onto 300 nm SiO2-on-Si sub-
strates. For the Cu/Ni(111) alloy foil with a Ni concentration of 
10.2 at.%, the graphene is monolayer (Supplementary Fig. 9a) and 
its growth is mainly controlled by a surface-mediated mecha-
nism (see our recent work on monolayer graphene growth using 
lower bulk Ni concentrations)21. When we increased the [Ni] to 
12.9 at.%, bilayer graphene islands with a coverage of 20% were 
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observed (Supplementary Fig. 9b); ~60% coverage was achieved 
for a [Ni] of 15.0 at.% (Supplementary Fig. 9c). We have used 
C-isotope labelled CVD growth together with Raman mapping to 
probe the growth mechanism of graphene on our Cu/Ni(111) foils. 
The results show that graphene growth on a Cu/Ni(111) foil (we 
focused on 16.6 at.% Ni foils to obtain high coverage bilayer gra-
phene growth) is predominantly driven by segregation (detailed 
analysis in Supplementary Fig. 11). Trilayer graphene with 30% 
coverage was found for [Ni] = 18.2 at.%, and 60% coverage for 
[Ni] = 20.3 at.% (Supplementary Figs. 9e,f). We attribute this to the 
higher amount of dissolved carbon segregated/precipitated at the 
interface where the trilayer graphene islands are formed. Multilayer 
hexagonal single-crystal graphene islands with up to eight layers 
and a size of more than 150 µm is achieved for [Ni] = 23–28 at.% 
(Supplementary Fig. 10). Our work thus shows that a high coverage 
of high-quality AB-stacked bilayer and ABA-stacked trilayer gra-
phene can be achieved by precise control of [Ni] in single-crystal  
Cu/Ni(111) alloy foil substrates.

Transmission electron microscopy (TEM) studies and selected 
area electron diffraction (SAED) measurements were carried out to 
examine the number of layers and the stacking order of the graphene 
samples. Figure 3a shows the folded edge of a bilayer graphene film. 
The atomic resolution TEM image (Fig. 3b) shows a clear lattice image 
with no Moiré pattern; that is, AB stacking of the bilayer graphene 
sample. SAED patterns were collected at different locations across the 
3-mm-diameter TEM grid (Fig. 3d–m) and only one set of six-fold 
diffraction patterns was exhibited. The analysis of SAED patterns 
unambiguously demonstrates azimuthal ordering across the entire 
sample, and likely implies that the graphene films on Cu/Ni(111) 
foils are single crystalline across large scales29. Quantitative inten-
sity analysis of one typical SAED pattern (Fig. 3d) is given in Fig. 3c.  
It is clear that the diffraction intensities of the outer spots from equiv-
alent {2100} planes are always higher than those of the inner spots 
from {1100}. The intensity ratios I1−210/I0−110 and I−2110/I−1010 are close 
to 2, indicating the formation of AB-stacked bilayer graphene, in 
agreement with the studies of AB-stacked bilayer graphene exfoliated 
from HOPG30,31. Low energy electron diffraction (LEED) was also 
used to characterize the crystal structure of the bilayer graphene film 
formed on a Cu/Ni(111) foil (Fig. 3n–q). Bilayer graphene grown on  
Cu/Ni(111) shows a single set of hexagonal diffraction spots (over-
lapped LEED spots due to the small mismatch between the graphene 
and the Cu/Ni(111) surface), suggesting the epitaxial growth of bilayer 
graphene on the single-crystal Cu/Ni(111) foil surface. The identical 
LEED patterns acquired at different positions across the whole sample 
(1 × 1 cm2) and the large-scale H2 etching experiment (Supplementary 
Fig. 12) of the bilayer graphene film (1 × 2 cm2) further demonstrate 
azimuthal ordering across the entire sample.

In addition, we have investigated the position of the adlayers rel-
ative to the first layer (stacking sequence), to better understand the 
bilayer and multilayer graphene growth mechanism. We have done 
this by three independent methods. First, ToF–SIMS depth profiling 
and mapping that involve layer-by-layer removal using a Cs+ beam 
and mapping of the carbon signal were used to image the carbon dis-
tribution (detailed analysis is shown in Supplementary Figs. 13 and 
14)32. The results show that the smallest adlayer was screened (pro-
tected) by the larger top layers, and that it was accessible to etching 
only after their removal. The cross-sectional images (Supplementary 
Fig. 13c) from the xz and yz directions clearly show that the adlayers 
grow underneath the first continuous monolayer graphene, forming 
an ‘inverted wedding cake’ structure. ESEM with hydrogen etching33 
was used to determine the structure of the adlayers of graphene 
grown on these Cu/Ni(111) foils (see Supplementary Figs. 15 and 
16 and discussion in the Supplementary Information). This showed 
that the second layer does not etch until the etching front of the first 
layer (monolayer) is around 3 µm from the edge of the multilayer 
region, indicating the presence of a ‘buried’ layer (screening effect/

protection by the top layer). Finally, cross-sectional TEM was used 
to study the stacking sequence of graphene layers through a ‘side 
view’ of the multilayer graphene–alloy interface (Supplementary 
Fig. 17), and this also showed that the adlayers were under the con-
tinuous (top) graphene layer. By these three independent methods 
we have found that the smaller bilayer (or multilayer) graphene 
always grows under the continuous top monolayer.

The bilayer and trilayer samples show respective transmittances 
of 95.3 and 93.2% at a 550-nm wavelength (Supplementary Fig. 18), 
consistent with the theoretical absorption value of 2.3% per layer 
and values reported for graphene with different layer numbers34,35. 
The differences in the number of layers can be readily seen by the 
optical contrast (inset in Supplementary Fig. 18) between these 
three samples. Transport measurements were carried out using 
back-gated graphene field-effect transistors prepared by transfer-
ring the AB-stacked bilayer graphene onto a 300-nm-thick SiO2/Si 
substrate (Supplementary Fig. 19a). A typical gate-dependent con-
ductance plot and the statistics of the carrier mobility are shown 
in Supplementary Fig. 19b and Supplementary Table 1. The aver-
age room-temperature carrier mobilities extracted from measur-
ing more than 17 devices were 4.0 × 103 cm2 V−1 s−1 for holes and 
3.9 × 103 cm2 V−1 s−1 for electrons, which are comparable to values 
reported for CVD-grown bilayer graphene and exfoliated bilayer 
graphene flakes (a detailed comparison with reported references 
for carrier mobility measurements is shown in Supplementary 
Table 2)1,36,37. Dual-gate bilayer graphene transistors were also 
fabricated, in which 300-nm-thick SiO2 and exfoliated multilayer 
hexagonal boron nitride (h-BN) flakes act as back- and top-gate 
dielectrics, respectively (inset in Fig. 4a; the details of the device 
fabrication and the tests are given in the Supplementary Notes and 
in Supplementary Fig. 20). Figure 4a shows the resistance as a func-
tion of top-gate voltage (Vtg) at different back-gate voltages (Vbg). 
The transfer characteristic varies sensitively with Vbg, indicating 
its tunability by the external electric field1. Figure 4b shows a two-
dimensional contour plot of the resistance of a bilayer graphene 
device as a function of Vtg and Vbg. It can be seen that the resistance 
reaches a maximum at the largest average displacement fields (top 
left and bottom right corner in Fig. 4b), suggesting the existence of 
a tuneable band gap in our bilayer graphene38. The extracted band 
gap (details in Supplementary Notes and Supplementary Fig. 20c,d) 
is around 52 meV at a transverse field of 0.94 V nm–1, and this is 
limited only by the electric displacement field the gate dielectrics 
can withstand39. A dual-gate field-effect transistor device for ABA-
stacked trilayer graphene was also fabricated and the result is shown 
in Supplementary Fig. 21. It was found that the resistance of the 
ABA-stacked trilayer graphene decreases with increasing electric 
field, suggesting an overlap between the conduction and the valence 
bands that can be controlled by an electric field.

The thermal conductivity of suspended bilayer graphene was mea-
sured by a non-contact Raman optothermal technique (details provided 
in Supplementary Notes, Supplementary Fig. 22 and Supplementary 
Table 3)40. The highest thermal conductivity of our bilayer graphene 
(~2,300 W m−1 K−1) is much higher than that reported for CVD-grown 
twisted bilayer graphene (657–1,413 W m−1 K−1)41,42 and AB-stacked 
bilayer graphene (1,896 W m−1 K−1)41. It is also comparable to that of 
an exfoliated bilayer graphene flake (~2,800 W m−1 K−1)43. The results 
indicate a high-quality and uniformity of the synthesized AB-stacked 
bilayer graphene film.

We used the camphor-enabled transfer and the mechanical mea-
surement method44 to evaluate the mechanical properties of our cen-
timetre-scale bilayer graphene films. We first measured the Young’s 
modulus of a thin Au film by using the method we reported here and 
compared the results with other reported data obtained for thin Au 
films (see the experimental details and the results in Supplementary 
Figs. 23 and 24 and Supplementary Table 4)45–47. We combined the 
bilayer graphene film with a thin compliant support (~260-nm-
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thick polycarbonate (PC) film as measured by SEM and atomic 
force microscopy, see Supplementary Fig. 25) for tensile loading, 
and extracted the mechanical properties of bilayer graphene from 
this PC-bilayer graphene (PC-BLG) film. The tensile test results for a 
260-nm-thick pure PC film and a 260-nm-thick PC-BLG are shown 
in Fig. 4e–f and Supplementary Table 5. Supplementary Fig. 26 shows 
the fracture of a PC-BLG specimen after uniaxial tensile testing. BLG 
obviously contributes to the PC-BLG in bearing a significant fraction 
of the tensile load, and thus we can extract the mechanical properties 
of BLG using the rule of mixtures by assuming that the stress distri-
bution is uniform through the thickness of the sample47–49. The aver-
age Young’s modulus for PC-BLG was 3.48 ± 0.33 GPa, compared to 
2.24 ± 0.13 GPa for 260-nm PC. If the thickness of the BLG is taken as 
0.68 nm, the obtained average value of the Young’s modulus of BLG at 

the centimetre-scale is 478 GPa, while the highest value was 650 GPa. 
Figure 4f compares the linear regions in the stress–strain plots in the 
260 nm PC with and without BLG. Note that the linear region for PC 
alone extends up to a strain of 0.9% and for the PC-BLG specimen 
it is ~0.65% (at this value, the BLG has started to break). The strain-
to-failure for BLG was thus estimated to be ~0.65%. By reading the 
stress values for the 260 nm PC and PC-BLG samples at a strain of 
0.65% from Fig. 4e (and see Supplementary Table 5), the average 
value for the fracture strength for BLG is 3.31 GPa and the highest 
value is 3.81 GPa. The obtained average values of the Young’s modu-
lus and the fracture strength of the centimetre-scale bilayer graphene 
samples are substantially lower than the intrinsic values of graphene 
with estimated values of ~1.05 TPa for the Young’s modulus and 
~100 GPa for the fracture strength50–52. One should mention that a 
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fracture strength of ~2.1 GPa for micrometre-scale bilayer graphene 
has been reported in the presence of nanometre-scale pre-existing 
cracks that weaken the material53. This supports the above results as 
being true indicators of the mechanical performance of centimetre-
scale CVD-grown bilayer graphene films.

We have prepared large-area single-crystal Cu/Ni(111) alloy foils 
by plating Cu(111) foils with Ni and then annealing them. By con-
trolling the Ni content, large-area AB-stacked bilayer graphene with 
a coverage of more than 95% and, separately, trilayer ABA-stacked 
graphene with more than 60% coverage, have been obtained.  

a b

c d

e f

Top gate

Source

h-BN

3.5

Vbg = 60 V

Vbg = –40 V

Drain

BLG
Si (back gate)

3.0

2.5

2.0

1.5

60

40

20

0

–20

–40

1,583

20 mW

15 mW

10 mW

8 mW

5 mW

2 mW

1 mW

G
 p

ea
k 

po
si

tio
n 

(c
m

–1
) 1,582

1,581

1,580

1,579

1,578

50

40

30

20

10

50

260 nm PC
260 nm PC-BLG
Average 260 nm PC
Average 260 nm PC-BLG

40

30

S
tr

es
s 

(M
P

a)

S
tr

es
s 

(M
P

a)

20

10

1,450 1,500 1,550

Raman shift (cm–1)

In
te

ns
ity

 (
a.

u.
)

1,600 1,650 1,700 0 0.2 0.4 0.6

1,584

G
 p

ea
k 

po
si

tio
n 

(c
m

–1
)

1,582
Slope(α) = –0.028 cm–1 K–1

1,580

1,578

1,576

1,574
300 400 500 600

Temperature (K)

0.8 1.0 1.2 1.4

Absorbed laser power (mW)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Strain (%)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Strain (%)

δω/δPG = –2.850 cm–1 mw–1

260 nm PC-B
LG

260 nm PC

–30 –20 –10

G peak

0 10 20 30

Vtg (V)
–30 –20 –10 0 10 20

1,190

2,049

2,908

3,550

Vtg (V)

V
bg

 (
V

)

R
 (

×
10

3  Ω
)

SiO2

R (Ω)

Fig. 4 | electrical transport measurements, thermal conductivity measurements and tensile tests of AB-stacked bilayer graphene film. a, Resistance 
(R) as a function of top-gate voltage (Vtg) at different back-gate voltages (Vbg). The traces are taken with 5-V steps in Vbg from −40 V to 60 V. The inset 
shows a schematic of the dual-gate BLG device. b, 2D colour plot of the resistance as functions of Vtg and Vbg. Tuneable resistance modulation is observed. 
c, Raman spectra of suspended bilayer graphene obtained at different laser powers. A clear red shift of the G peak was observed when the laser power 
was increased. d, G peak position shift versus absorbed laser power by bilayer graphene. The inset shows the temperature dependence of the G peak 
position for bilayer graphene. e, Stress–strain responses for 260 nm PC and 260 nm PC-BLG film, and the corresponding average plots. f, The linear region 
in the stress–strain plot for 260 nm PC-BLG suggests a yield strain of ~0.65% for bilayer graphene in PC-BLG film. Five specimens were measured, and a 
summary of the mechanical properties is given in Supplementary Table 5.
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We studied the growth mechanism of graphene on Cu/Ni(111) and 
thereby learned that BLG grown on the Cu/Ni(111) alloy (optimized 
Ni concentration of 16.6 at.% for high bilayer coverage) is predomi-
nately due to segregation. ToF–SIMS mapping, hydrogen etching 
with in situ SEM imaging and cross-sectional TEM imaging mea-
surements show that the adlayers of the bilayer, trilayer and mul-
tilayer graphene regions grow under the top monolayer graphene 
film. We measured the electrical transport and thermal conductiv-
ity, and for the first time we explored the mechanical properties of 
centimetre-scale AB-stacked BLG. This work introduces a method 
to synthesize large-area AB-stacked bilayer and ABA-trilayer gra-
phene with high coverage over many centimetres.
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Methods
Graphene growth on Cu/Ni(111) foils and transfer of the graphene. Large-area 
Cu(111) foils were prepared by high temperature annealing (1,050 °C) under an 
Ar/H2 flow at atmospheric pressure (1 atm). A nickel layer was plated on both 
sides of the Cu(111) foil in an electrolyte, which had been prepared by dissolving 
140 g of NiSO4·6H2O, 4 g of NiCl2·6H2O, 2 g of NaF and 15 g of H3BO3 in 500 ml of 
deionized water. The applied current density was 0.02 A cm−2. After washing and 
drying, the Ni-plated Cu(111) foil was heat-treated in a CVD chamber at 1,050 °C 
for 5 h to obtain the Cu/Ni(111) foil. For graphene growth, the Cu/Ni(111) foil 
was first treated with acetic acid to remove the surface oxide layer, and was placed 
in a CVD system that was then pumped down to ~0.3 mtorr. It was then heated 
to 1,075 °C and annealed for 120 min under a gas flow of H2/Ar with a pressure of 
40 torr. Afterwards, methane was introduced into the system for 10–20 min for the 
graphene growth and a typical temperature profile is shown in Supplementary  
Fig. 4. Finally, the sample was rapidly cooled down to room temperature by moving 
the heating furnace to the downstream side of the CVD chamber under a constant 
H2/Ar flow.

The grown graphene was transferred using an electrochemical delamination 
process. The graphene was first spin-coated with poly(methylmethacrylate) 
(PMMA) (3,000 r.p.m. for 1 min) and then dipped in a NaOH aqueous solution. 
By applying a constant current, the PMMA/graphene layer was detached from the 
Cu/Ni(111) foil surface due to the formation of H2 bubbles at the graphene–Cu/
Ni(111) foil substrate interface. After washing in water, the PMMA/graphene stack 
was transferred onto a target substrate. Finally, the PMMA film was removed  
by acetone.

In situ observation of the hydrogen etching of graphene grown on a Cu/Ni(111) 
foil. Hydrogen etching of the graphene was performed inside the chamber of a 
modified ESEM (FEI Quantum 200) that was equipped with an oil-free prevacuum 
pump, a home-made heating stage, a gas supply unit and a mass spectrometer 
for the analysis of the chamber atmosphere. Typically, hydrogen etching was 
conducted after graphene growth under 10 sccm H2 at 900 °C with a pressure of 
25 Pa. During the etching, the ESEM was operated at an acceleration voltage of 
7.5 kV and the images were acquired by a large field detector.

Preparation of polycarbonate-bilayer graphene (PC-BLG) for mechanical 
testing. PC (poly(bisphenol A carbonate)) from Sigma-Aldrich (average 
molecular weight ~45,000) was dissolved in chloroform to prepare solutions with 
a concentration of 2 wt.%. Before transfer, the bilayer graphene on Cu/Ni(111) 
foil was spin-coated with the PC solution at 3,000 r.p.m. to form a PC-BLG film 
with a thickness of ~260 nm. Then the PC-BLG film was transferred onto a flat 
Cu foil by the electrochemical delamination (‘bubbling’) method. We used a 
camphor-enabled transfer process to prepare the PC-BLG specimens for tensile 
measurements (see details in Supplementary Notes).

Tensile tests. The PC-BLG ‘dog-bone’ specimens were loaded in a standard 
tensile test configuration in a dynamic mechanical analyser (DMA Q800, TA 
Instruments) for tensile loading. The dimensions (measured from central region) 
were 12 × 2 mm2 (gauge length × gauge width). The tensile loading was done at a 
constant displacement (strain rate) of 50 µm min−1 in air at room temperature.  

To extract the mechanical properties of the BLG from the PC-BLG film, the rule of 
mixtures was used:

EPC�BLG ¼ EBLG
tBLG

tBLG þ tPC
þ EPC

tPC
tBLG þ tPC

where EPC-BLG, EBLG and EPC are the Young’s moduli for the PC-BLG film, the  
BLG and the PC, respectively, and tBLG and tPC are the respective thicknesses of  
BLG and PC.

Characterization. The prepared Cu/Ni(111) foils were characterized by scanning 
electron microscopy (SEM) (FEI Verios 460), XRD (Rigaku SmartLab), EBSD 
(Hikari from Ametek), atomic force microscopy (Bruker Dimension Icon) and 
X-ray photoelectron spectroscopy (Thermo Scientific ESCALAB 250 Xi). The 
transferred graphene samples were analysed by optical microscopy (Olympus), 
HRTEM (FEI Titan3 G2 60–300) and Raman spectroscopy (WITec, 532 nm  
laser wavelength).
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corresponding author on reasonable request.
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