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The evolution of graphene-based electronic, optoelectronic, and sensing devices is growing at a fast pace 

in the recent decade, due to the rapid development of the manufacturing technology for high-quality 

graphene. However, the absence of controllability of graphene thickness sets an additional barrier for 

device applications. Here, we demonstrate that the number of graphene layers can be well controlled by 

adjusting the Cu–Ni catalyst composition and the reaction time. The Cu–Ni bilayer catalysts are prepared 

by sputtering Ni and then Cu films on SiO2/Si substrate with various film thicknesses. With the increase 

of the growth time, single-layer graphene would be formed on the Cu-rich catalysts, whereas bilayer to 

few-layer graphene can be obtained on the Ni-rich films. In addition, the formation of single-layer to 

bilayer graphene as a function of time is attributed to the synergic effect of Cu and Ni catalysts with 1:1 

composition. The precise control of graphene layer number enables the further development of the 

advanced electronics and sensors. 

1. Introduction  

Graphene has attracted great attention of both the scientific 

community and the industry in the recent decade, due to its 

fascinating properties and wide potential applications.1 In the 

definition, graphene is a one-atom-thick carbon layer composed of 

sp2-bonded carbon atoms and packed into a honeycomb lattice.2 

Before graphene was successfully isolated from graphite in 2004, 3 

according to Mermin Wagner theorem, a single-atom-thick material 

was considered unable to exist at room temperature in a 

thermodynamic stable state.4 The discovery of graphene 

substantially broadens the researchers’ perspective of nanoscience 

and nanotechnology, leading to the following findings of other 2D 

atomic materials.5 Nowadays, hundreds-meter-long graphene films 

can be prepared by "bottom-up" growth technique (chemical vapor 

deposition, CVD),6 and single- to multi-layer graphene sheets with 

production capacity of tons can be made by "top-down" process 

(intercalation/exfoliation of graphite).7 Depending on the 

manufacturing methods, graphene and its derivatives exhibit 

versatile properties to accommodate a broad range of applications in 

aerospace, biotechnology, energy, thermal management etc.8-10 

Among them, the development of advanced electronic/optoelectronic 

devices and sensors is particularly promising, due to graphene’s 

ultrafast electron mobility,1 robust flexibility,11, 12 transparency in 

visible light region,13 and good mechanical strength.14 Therefore, the 

pursuit of high-quality graphene with controllable layer number and 

properties is needed and challenging. 

CVD technique has been widely employed to prepare large-area, 

low-defect graphene films, because of the advantages of low-cost, 

ease of scale-up, and technical simplicity.15 A CVD process for 

graphene growth involve the decomposition of carbon feedstock 

(either gaseous or solid hydrocarbons) at high temperature with the 

aid of the catalysts, such as Cu,16-18 Ni,19-22 Pt,23, 24 Ga,25 NiAl2O4
26 

etc. Although great efforts have been done to grow graphene on 

polycrystalline Ni or Cu foils,17, 27, 28 however, the lack of 

controllability of graphene layer number creates additional barriers 

for application in electronics.29 Graphene films on polycrystalline Ni 

are usually grown as few layers, which can be attributed to the 

non-equilibrium precipitation of carbon atoms from Ni during the 

cooling step.27  Single-layer graphene is preferred to form on the 

Cu surface based on the effect of kinetically self-limiting 

deposition.30 In recent years, the preparation of graphene by CVD 

using Cu/Ni alloy catalyst grows up rapidly, in order to precisely 

control the layer number, uniformity, and the geometry of 

graphene.31-36  Wan et al. reported the “smart Janus” substrate 

made of Cu/Ni alloy on Cu foil to grow graphene with defined 

thickness, at a wide temperature window.32 Wu et al. obtained a 

1.5-inch-large, single-crystal graphene monolayer by local feeding 

CH4 to a target substrate with Cu85Ni15 alloy catalyst.33 However, in 

the cases mentioned above, it is still not clear what the role of the 

reaction time and the Cu–Ni ratio played during the CVD process, 

and how both parameters work on the result of graphene layer 

number. 

 

1 
Faculty of Materials Science and Engineering, Kunming University of Science 

and Technology, Kunming 650093, China 
2 

Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key 

Laboratory of Marine Materials and Protective Technologies, Ningbo Institute 

of Materials Technology and Engineering (NIMTE), Chinese Academy of 

Sciences, Ningbo 315201, China. Email address:  jiangnan@nimte.ac.cn; 

jiangyehua@kmust.deu.cn; linzhengde@nimte.ac.cn 

 

Page 1 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry xxxxJ. Name., xxxx, 00, 1-3 | 2  

In this study, we investigated the number of graphene layers 

obtained on Cu–Ni thin films with various alloy compositions by 

thermal CVD. Instead of a fixed Cu–Ni ratio, Cu–Ni bilayer 

catalysts with different thickness ratios were deposited on the 

substrate for graphene growth. Based on this sandwiched structure 

(Cu/Ni/SiO2/Si), the composition of the catalyst would dynamically 

vary during the CVD process, because of the interdiffusion of Cu/Ni 

layers and Cu evaporation at high temperature. The graphene layer 

number and the surface morphology of Cu–Ni bilayer catalyst, as a 

function of the reaction time, will be examined and discussed. 

 

2. Experimental 

For preparation of the catalyst layers, Ni film was firstly deposited 

on 300 nm-thick SiO2/Si substrates using mini-type ion sputtering 

apparatus (Quorum 150T ES, UK), and then Cu layer was covered 

on the Ni surface by thermal evaporation (Beijing Tainuo Co., 

ZHD-300M2, China). The desorption rate of both Cu and Ni layers 

was evaluated separately to keep the total thickness of Cu–Ni bilayer 

constant (450 nm) in all samples. Three different ratios in thickness 

(3:1, 1:1, 1:3) for Cu–Ni films were prepared, e.g.: 3:1 means the 

film consists of Cu and Ni (337.5 + 112.5 nm) in thickness. A 

thermal CVD system (BTF-1200C-Ⅱ-SL, Anhui BEQ Equipment 

Tech. China) was employed to grow graphene. The substrates 

(Cu/Ni/SiO2/Si) were loaded into the tube furnace, followed by 

heating to 750 oC at a rate of 10 oC/min. The samples were annealed 

at 750 oC for 25 min with the flow of H2/Ar (215/400 sccm, pressure: 

250 Torr), and then rapidly heated to 900 oC. When 900 oC was 

reached, a gas mixture of CH4/H2 (75/15 sccm, pressure: 1.5 Torr) 

was introduced for graphene growth. After 5 – 15 min reaction, the 

furnace was cooled down to room temperature at a cooling rate of 20 
oC/min. The details can be found elsewhere37. The obtained samples 

were characterized by Raman spectroscopy (Renishaw plc, 

Wotton-under-Edge) employing a laser wavelength of 532 nm, field 

emission scanning electron microscopy (FE-SEM, QUANTA 

FEG250). The composition of Cu–Ni bilayer after CVD growth was 

determined by energy dispersive spectrometer (EDS, Oxford 

X-MaxN). 

 
Figure 1. A schematic illustration of the formation of graphene 
on Cu–Ni bilayer catalysts by thermal CVD. 

3. Results and discussion 

Figure 1 shows our concept of graphene growth process on 

Cu–Ni bilayer catalyst system by thermal CVD. Ni film was 

first deposited on SiO2 (300 nm)/Si substrate, followed by 

coating with Cu layer, resulting in the formation of a 

sandwiched structure of Cu/Ni/SiO2/Si with a fixed total 

thickness (450 nm) of Cu–Ni bilayer. The samples were 

annealed at 750 oC for reduction of native oxides on the surface 

of the metal catalyst, and then heated up to 900 oC to grow 

graphene with different reaction time. In the common CVD 

process, the reaction temperature of graphene on Cu ranges 

from 950 – 1,000 oC,38 and the cases on Ni can be lower (> 850 
oC).39 This can be attributed to the very low solubility between 

carbon and copper, leading to higher decomposition energy of 

CH4 with the assistance of Cu catalyst. The incorporation of Ni 

into Cu as a binary catalyst results in a good balance between 

lower growth temperature (≈ 900 oC) and the graphene quality. 

Moreover, the poor wettability of Cu on SiO2/Si may lead to the 

fast evaporation of Cu film during the CVD process. Therefore, 

the insertion of a Ni layer at the interface of Cu and the 

substrate is beneficial to the thermal stability of the catalyst 

system.   

 

 
Figure 2. (a) A photograph of the samples after catalyst 
deposition and CVD growth. The typical Raman spectra of 
graphene grown on the catalysts composed of; (b) 3:1; (c) 1:1; 
(d) 1:3 Cu–Ni bilayer and different growth time. 

A photograph of the samples after Ni, Cu–Ni bilayer deposition and 

graphene growth, respectively, is presented in Figure 2(a). It can be 

seen that the color of the samples changes from gray (Ni), bronze 

(Cu–Ni), to light gray (Cu/Ni alloy) after CVD. Raman spectra taken 

from the graphene films grown with various Cu–Ni compositions 

and reaction time are shown in Figure 2(b–d). Note that all the 

spectra were reconstructed using Gaussian fit to evaluate the peak 

height and full width at half maximum (FWHM). The examples of 

the original and Gaussian fitted plots are shown in Figure S1. In 

Figure 2(b), the Cu/Ni ratio of 3:1 means that the catalyst film is 

composed of 337.5 nm-thick Cu and 112.5 nm-thick Ni. Due to the 

similar density (Cu: 8.92, Ni: 8.90 g/cm3), the thickness ratio of 

Cu–Ni can be considered as same as the ratio of the weight percent, 

e.g.: 3:1 = 75 wt% Cu. The spectra in Figure 2(b–d) exhibit the 

typical peaks of graphene: G-band at 1579 – 1588 cm-1 is caused by 

the stretching-vibration mode of sp2 sites, such as C=C bonds in 

aromatic compounds,40 while 2D-band located at 2688 – 2699 cm-1 
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is formed of a double-resonance process.41-43 The degree of 

sp2-hybridized C–C bonding in graphene can be described by I2D/IG 

ratio, which is commonly used to estimate the graphene layer 

number combining the consideration of 2D-band FWHM.44, 45 A tiny 

peak called D-band appears at 1350 cm-1 in Figure 2(b) for the 

sample after 5-min growth. The D-band is attributed to the 

bond-angle disorder induced by the formation of sp3 bonds, which 

indicates the degree of the defects in graphene structure.40 The 

absence of the D-band in Figure 2 suggests the formation of 

high-quality graphene films using Cu–Ni bilayer catalyst system. 

 
Figure 3. The calculated I2D/IG ratios and 2D-band FWHM of 
graphene films grown on the bilayer catalysts with Cu–Ni 
composition of: (a) (d) 3:1; (b) (e) 1:1; and (c) (f) 1:3, 
respectively. 

The variations of I2D/IG ratios and the FWHM of the 2D-band 

calculated from Figure 2(b–d) are summarized in Figure 3. 

Interestingly, we noticed that the I2D/IG ratios and 2D-band FWHM 

show a regular change between the samples, even though which 

were prepared with different Cu–Ni compositions and growth time. 

In the case of Cu-rich catalyst (Cu/Ni = 3:1, Figure 3(a)), the I2D/IG 

ratio of the samples increases from 1.18 to 1.97 as the growth time 

increases from 5 to 15 min. The disappearance of D-band (Figure 

2(b)), and the rise of I2D/IG ratio indicate that a continuous 

single-layer graphene is gradually formed from nanocrystalline 

domains.46 The narrow 2D-band for the FWHM ranging from 27.9 to 

43.4 in Figure 3(d) confirms the single-layer nature of graphene.27 

In contrast, when the time increases, the I2D/IG ratio decreases from 

1.96 to 1.13 with the increase of FWHM from 35.1 to 52.0, for the 

samples obtained on Cu–Ni catalyst with 1:1 composition, as 

exhibited in Figure 3(b) and (e), respectively. In the condition of 

Cu/Ni = 1:1, we found that the resulting number of graphene layers 

shows a significant dependence on the reaction time. Single-layer 

graphene could be deposited at the initial stage (5 min), and then 

bilayer graphene film would be formed for longer growth time (15 

min).47, 48  In Ni-rich catalyst system (Cu/Ni = 1:3, Figure 3(c)), 

the graphene layer number starts as bilayer, and then goes to 

few-layer with the increase of the reaction time. The symmetrical 

2D-band (Figure 2(d)) indicates that the thickness of the sample 

after 15-min growth does not exceed 5 layers of graphene.44 Briefly, 

we conclude that single-, bilayer, and few-layer graphene films can 

be prepared separately by adjusting Cu–Ni bilayer composition and 

the growth time. 

 

Figure 4. (a)–(c) The variation of Cu wt% in different bilayer 
catalysts during CVD process. The surface SEM images of the 
samples prepared at 900 oC for (d)–(f) 5-min and (g)–(i) 15-min 
reaction with different catalyst compositions. The scale bar in 
the SEM images is 10 µm. 

To interpret the formation mechanism of different numbers of 

graphene layers with bilayer catalysts, the Cu–Ni compositions 

during the CVD process have been determined by EDS, as shown in 

Figure 4(a)–(c). Although Cu and Ni thin films were deposited 

individually, the solid solution phase of Cu–Ni was formed at 750 – 

900 oC. In the Cu-rich case (Cu/Ni = 3:1, Figure 4(a)), the surface 

of catalyst films contains 71.9 and 75.4 wt% of Cu after reaction for 

5 and 15 min at 900 oC, respectively. It is demonstrated that the 

growth of single-layer graphene follows the self-limiting mechanism 

when Cu is dominant in the catalyst system, whereas the segregation 

mechanism works to grow few-layer graphene under the condition of 

Ni-rich catalyst (Cu: 20.5 – 24.3 wt%, Figure 4(c)). The decrease 

of Cu wt% as a function of time in Figure 4(a)–(c) is due to the 

partial evaporation of Cu at high temperature (900 oC) and low 

pressure (1.5 Torr), based on the difference of the melting point 

between Cu (1,085 oC) and Ni (1,455 oC). We noticed that the 

surface morphology of Cu–Ni bilayer after CVD growth, as well as 

the quality of graphene, would be affected by the Cu evaporation, as 

seen in the SEM images of Figure 4(d)–(i) and Figure S2. For 

comparison, Figure S3 presents the SEM images of the catalyst 

films treated under the same CVD conditions without the 

introduction of CH4. We noticed that the formation of graphene 

enables to suppress the Cu evaporation and the boundary of the 

graphene domains can be clearly seen after the CVD growth 

(Figure S4). In Figure 4(d) and (g), the Cu-rich catalyst layer 

becomes more porous as the reaction time increases, which makes 

the graphene film incomplete. The evaporation and dewetting 

behavior of Cu on SiO2/Si were even stronger when only Cu was 

deposited as the catalyst, leading to the degradation of graphene 

quality, as shown in Figure S5. It is of more interest to investigate 

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry xxxxJ. Name., xxxx, 00, 1-3 | 4  

the growth mechanism of single- to bilayer graphene on Cu–Ni 

catalyst with 1:1 composition (Figure 4(b)). Because Cu content 

does not change a lot (50.5 – 53.2 wt%) during 5 – 15 min reaction, 

the increase of graphene layer number should mainly depend on the 

growth time. This can be attributed to the synergic effect of the 

combination of a carbon-rejecting component (Cu) and a 

carbon-dissolving component (Ni), which enables to regulate the C 

content at the catalyst surface. As the time increases, more but 

limiting concentration of C atoms would be dissolved in dilute Ni 

and then released to the surface in the cooling step, resulting in the 

formation of bilayer graphene. The same results can be observed in 

the TEM images (Figure S6), confirming the above conclusion.  

 

4.Conclusions 

In summary, we demonstrate that the number of graphene layers 

grown on Cu–Ni bilayer catalysts can be well controlled, by 

adjusting the Cu–Ni composition and the growth time. Although the 

concept of control of graphene layer thickness using CuxNi1–x 

catalyst has been proved by Choi et al.,31 we verify that the reaction 

time is also a key factor to influence the resulting number of 

graphene layers, as well as the quality of graphene. As time increases, 

graphene grown on Cu-rich catalyst surface (Cu/Ni = 3:1) remains 

single-layer, whereas bilayer and then few-layer graphene can be 

obtained using Ni-rich catalysts (Cu/Ni = 1:3). Moreover, in the case 

of Cu–Ni catalysts with 1:1 composition, the formation of 

single-layer to bilayer graphene as a function of time is attributed to 

the synergic effect of Cu for C-rejection and Ni for C-dissolution, 

which enable the growth of bilayer graphene based on the regulation 

of C concentration at the Cu–Ni surface. 
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Graphene layer number can be controlled by changing Cu–Ni ratio and growth time. Single- 

and few-layer graphene are formed separately on Cu- and Ni-rich catalysts. The growth of bilayer 

graphene is attributed to the synergic effect of Cu and Ni (1:1). 
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