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Abstract 

Bimetallic alloy is more effective than pure metal for controlled growth of 

high-quality graphene. In this work, we used the DFT-D2 method to study interfacial 

structure, interaction between graphene layers and bimetallic Ni/Cu(111) surface and 

near-surface alloys (SAs, NSAs). The results show that the bimetallic Ni/Cu(111) SAs 

and NSAs have a larger surface relaxation and charge transfer at interface. The 

Ni/Cu(111) SAs/NSAs with Cu-surface layer are energetically more favorable than 

that with Ni-surface layer. However, the Ni-surface layer of the Ni/Cu(111) 

SAs/NSAs has more charge accumulation and higher chemical activity than the 

Cu-surface layer of the Ni/Cu(111) SAs/NSAs. More importantly, the interaction 

strength of graphene-metal can be distinctly tuned by surface alloying, while it has 

only minor change by subsurface alloying. The initially weak interfacial interaction of 

graphene/Cu(111) could be enhanced substantially by Ni surface introducing. 

Accordingly, the interface distance was decreased from ~3.0 Å to ~2.1 Å, and there is 

a strong charge transfer from the Ni-surface layer to graphene bottom layer. In 

contrast, the initially strong interfacial interaction of graphene/Ni(111) could be 

reduced successfully by Cu surface introducing. The interface distance was increased 

from ~2.1 Å to ~3.0 Å, and there is only a minor electronic polarization at interface 

between graphene and Ni(111)-Ni-Cu SA. Furthermore, the graphene bottom layer on 

the Ni-surface layer of the Ni/Cu(111) SA/NSAs has higher chemical activity than 

that on Cu-surface layer of the Ni/Cu(111) SA/NSAs. These findings provide a useful 

guide for designing alloy catalyst and achieving controlled growth of graphene. 

 

KEYWORDS: Ni/Cu(111) bimetallic alloys, graphene layer, interaction strength, 

charge transfer, DFT-D2 calculation
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Introduction 

Epitaxial growth of graphene on transition metal surfaces has been one of the 

most commonly used methods for producing large-area graphene with high-quality.1-4 

Many efforts have been devoted to growing monolayer, bilayer or few-layer graphene 

by chemical vapor deposition method on various metal substrates, such as Ni,5-7 

Cu,8-10 Ru,11, 12 and Ir.13, 14 Among them, Ni and Cu have been widely used to grow the 

large-area and high-quality graphene films.5-10 Experiment studies have reported that 

graphene of different layers has been grown on Ni, Cu, and Ni/Cu alloy.10, 15-17 It is 

proposed that graphene growth on Ni surfaces is a C segregation or precipitation 

process,5 while graphene growth on Cu surfaces is a catalytic, self-limiting process 

because of the low solubility of carbon in copper.8-10, 18, 19 Growth on Ni surface 

usually leads to a mixture of various layers graphene, whereas Cu surface is suitable 

for growing mono- or bilayer graphene.17, 20-22 Cu/Ni alloys, a combination of the 

well-behaved Ni and Cu, was used to achieve layer controlled growth of graphene by 

fine tuning the atomic percentage of Ni in Cu/Ni alloy.23, 24  

Recently, several studies have reported the properties and Morphologies of the 

graphene grown on metal surfaces strongly depend on the interfacial interaction 

between graphene layers and metal surfaces.15, 23, 25, 26 Generally, a strong interaction 

between the graphene and metal surface would easily grow multilayer graphene with 

various defects, and difficultly transfer in the post processing, such as chemisorbed 

Ni5, 25 and Co27, 28. A weak interaction between the graphene and metal surface is 

favorable to grow the uniform monolayer graphene, such as physisorbed Cu.25 

However, it easily results in stopping growth of the second layer once the catalytic 

surface is fully covered with one layer graphene.25 Thereby, it is highly desirable to 

tune graphene-metal interaction by bimetallic SA/NSAs, which are synthesized 
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experimentally by depositing one of the two metals on the surface of the other metal.23, 

29-31 Experimental studies have demonstrated that the metal alloys are more effective 

than pure metals for controlled growth of high-quality graphene.24 Several groups 

revealed the interaction strength of graphene-Ni substrate could been weaken by 

intercalating Cu,32 Au,33 and Sn.30 Meanwhile, Liu et al. reported that monolayer and 

bilayer graphene could be controlled growth on the Ni/Cu alloys by deposition of Ni 

atoms onto Cu surface.23, The interactions of heteronuclear metal-metal and 

graphene-metal are important during the process of graphene growth, and their 

understanding is the basis for controlled growth of high-quality graphene. Besides, it 

is also useful to study the graphene-metal interface for designing high performance 

graphene based electronic and optoelectronic devices.34  

In this study, we choose the semi-empirical DFT-D2 Grimme’s method,35, 36 

which includes long-range van der Waals (vdW) forced, to study the properties of the 

Ni/Cu(111) SAs and NSAs and their interaction with various graphene layers. Points 

of fundamental interest are to elucidate the nature of the surface geometry, electronic 

structure, chemical reactivity, and interaction behavior of these bimetallic Ni/Cu(111) 

SAs and NSAs with various graphene layers, and further compare the differences of 

graphene layers on the mono- and bi-metallic surfaces.  

Computational methods  

Spin-polarized computations were performed with the projector augmented wave 

(PAW) method37, 38 for electron-ion interactions using the VASP code.39 The 

exchange-correlation interaction was treated in the general gradient approximation 

(GGA)40, 41 in the parameterization of perdew-Burke-Ernzerh of (PBE).42 Long-range 

dispersion corrections have been considered within the DFT-D2 method. The 

dispersion coefficient C6 and vdW radius R0 for C, Ni, and Cu used in our DFT-D2 
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method were taken from previous work.35, 36 The scale factor S6 was 0.75.43, 44 The 

cutoff energy for the plane-wave basis set was set to 400 eV. The electronic 

self-consistency criterion has been set to 10-6 eV.  

To simulate the Ni/Cu(111) SAs and NSAs, the Ni(111)-Ni-Cu, Ni(111)-Cu-Ni, 

Cu(111)-Cu-Ni and Cu(111)-Ni-Cu were modeled as the periodic slab geometry, 

which were built by substituting the surface or subsurface layer of the Ni(111) or 

Cu(111) with single Cu or Ni layer. Each 1 x 1 super cell contains six atomic layers of 

metal atoms and a vacuum region. These Ni/Cu(111) SA/NSAs were firstly relaxed, 

and then various graphene structures were placed in the vacuum region on top of the 

Ni/Cu(111) SAs/NSAs as shown in Fig. 1, Each vacuum region was at least 15 Å in 

the direction perpendicular to the interface to avoid interaction with their own images. 

The Brillouin-zone integrations were done with a 21 × 21 × 1 k-point mesh for 

geometry optimizations and a 36 × 36 × 1 k-point mesh for electronic properties, 

respectively.45 The bottom two layers of the Ni/Cu(111) SA/NSAs were fixed, while 

other four metal layers and graphene layers were allowed to relax during geometry 

optimization. Lattice mismatches between graphene and bimetallic surfaces were 0.8% 

for Ni-based substrates and 2.0% for Cu-based substrates, respectively. Since the 

lattice mismatches of graphene and bimetallic surfaces are relatively small, there is 

only a small influence on the adsorption strength and charge transfer. The global 

transferred charges were calculated by the atomic Bader charge analysis.35, 46, 47  

The adsorption energy per carbon atom of graphene structures on Ni/Cu(111) 

SA/NSAs surfaces is calculated by ∆EgM = (EgM –(Eg + EM)) /2, where 2 is the number 

of carbon atoms in each graphene layer per super cell. EgM, Eg, and EM are the total 

energies of the graphene-Ni/Cu(111) systems, freestanding mono-, bi- and tri-layer 

graphene and bimetallic SA/NSA systems per super cell, respectively. 
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Results  

Geometric structure 

Fig. 1a shows optimized geometric structures of free mono-, bi-(AA and AB), 

trilayer (ABA and ABC) graphene with different stacking sequences. Each super cell 

includes two C atoms in each graphene layer (as the blue dashed line in Fig. 1a). The 

C-C bond length in freestanding graphene layer is 1.42 Å, while the C-C bond length 

is compressed to 1.41 Å on Ni-surface layer and stretched to 1.46 Å on Cu-surface 

layer of graphene-Ni/Cu(111) SA/NSA systems (as listed in Table 2), respectively.  

 
Fig. 1 Optimized geometric structures of (a) freestanding mono-, bi- (AA and AB 

stacking) and trilayer (ABA and ABC stacking) graphene, (b) the side and top views 

of monolayer graphene absorbed on Ni/Cu (111) SAs and NSAs. The blue lines mark 

super cell. d12 and d23 are the interlayer distances between two graphene layers, and 

dgCu/Ni is the distance between the graphene bottom layer and alloy surface. 

Table 1 Interlayer vertical distance (dnm, Å) at z direction between two metal layers 

for pure Ni(111), Cu(111), and Ni/Cu(111) SAs/NSAs. 

 d12 d23 d34 d45 d56 

Ni(111) 1.99 1.99 2.00 2.00 1.99 
Ni(111)-Ni-Cu 2.06 2.00 1.99 1.99 1.99 
Ni(111)-Cu-Ni 2.05 2.06 1.99 1.99 1.99 
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Cu(111)-Ni-Cu 2.01 2.01 2.06 2.07 2.08 
Cu(111)-Cu-Ni 2.00 2.06 2.07 2.07 2.08 
Cu(111) 2.08 2.06 2.07 2.06 2.08 

Table 1 shows the interface vertical distance between two metal layers of these 

bimetallic Ni/Cu(111) SAs and NSAs. There is a distinct surface relaxation for these 

Ni/Cu(111) SAs and NSAs. The interlayer distance increases when a Ni layer of the 

Ni(111) is substituted with a Cu layer. The interlayer distance of the Ni(111)-Ni-Cu 

SA, d12, is 2.06 Å, longer than that of the Ni(111) by 0.07 Å as listed in Table 1. 

Similarly, the interlayer distances of the Ni(111)-Cu-Ni NSA, d12 and d23, are also 

longer than that of the Ni(111) by ~0.06 Å, respectively. In contrast, it decreases when 

a Cu layer of the Cu(111) is substituted with a Ni layer. The interlayer distance of the 

Cu(111)-Cu-Ni SA, d12, is shorter than that of the Cu(111) by 0.08 Å. For the 

Cu(111)-Ni-Cu NSA, the interlayer distances, d12 and d23, are also shorter than that of 

the Cu(111) by 0.07 and 0.05 Å, respectively. However, the interlayer distances 

among underlying metal layers has no significant changes in these Ni/Cu(111) SAs 

and NSAs. 

Stability of bimetallic Ni/Cu(111) SAs and NSAs 

Next, the relatively thermodynamic stability of these bimetallic Ni/Cu(111) SAs 

and NSAs were compared. The results show that the Ni(111)-Ni-Cu SA is 

energetically more favorable than the Ni(111)-Cu-Ni NSA by 0.04 eV/atom. In 

contrast, the Cu(111)-Cu-Ni SA is energetically unfavorable than the Cu(111)-Ni-Cu 

NSA by 0.03 eV/atom. The results indicate that the Cu tends to segregate to the 

surface, while Ni prefers to enrich in the subsurface layers for the Ni/Cu alloys. 

Recently, The bimetallic Ni/Cu(111) SAs and NSAs have been produced by 

deposition one of two metals on the (111) surface of the other metal.48 The results 

show that the bimetallic Ni/Cu(111) SA/NSAs with Cu-surface layers are 
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thermodynamically more favorable than that with the Ni-surface layers due to the 

higher surface free energy of nickel. The Cu(111)-Cu-Ni SA is thermodynamically 

stable until 450 K. Subsequently, the Cu component of the Cu(111)-Cu-Ni would 

segregate to surface, and further form a Cu(111)-Ni-Cu NAS at higher temperature. 

However, the Ni(111)-Ni-Cu SA starts segregating until 800K, and forms a 

Ni(111)-Cu-Ni mixed SA finally.48 Furthermore, the bimetallic Ni@Cu and Cu@Ni 

core-shell particles have been also synthesized successfully. The Ni@Cu particles 

with Cu-shell structure have been substantiated thermodynamically more favorable 

than the Cu@Ni particles with Ni-shell structure. The Cu component of the Cu@Ni 

core-shell particles tends to segregate to the surface during elevated temperature. 49 

Theoretically, a recent study also showed that the Ni(111)-Cu-Ni NSA was 

energetically less stable than the Ni(111)-Ni-Cu SA by 0.05 eV/atom.24 However, the 

relative thermodynamic stability of the Ni(111)-Cu-Ni and Ni(111)-Ni-Cu could be 

reversed upon carbon atoms adsorption during initial stage of graphene nucleation. 

They found that the Ni(111)-Cu-Ni NSA was energetically more stable than the 

Ni(111)-Ni-Cu SA by 0.01 eV/atom once the single carbon adsorbed on their 

surfaces.24 Thereby, in this work, the four bimetallic Ni/Cu(111) SAs and NSAs were 

all used. 

Charge transfer and chemical activity of bimetallic Ni/Cu(111) SAs and NSAs 

It is well known that copper has a completely filled 3d-band and a partially filled 

4s-band (Cu, 3d104s1), while nickel has a partially filled 3d-band and a completely 

filled 4s-band (Ni, 3d84s2). Thus, electron trends to transfer from the 4s-band of 

copper to the 3d-band of nickel in the Ni/Cu alloys. Inspecting the interfaces of these 

bimetallic Ni/Cu(111) SAs and NSAs, we find that charge always transfers from Cu 

layer to Ni layer (see Fig. 2a, b, c, d and Table S1, SI). Furthermore, when Ni locates 
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at surface and Cu locates at subsurface, charge transfer would enhance from Cu to Ni 

because of synergistic combination of the surface effect and the electronic structure 

effect. For the Cu(111)-Cu-Ni SA, charge transfers from subsurface Cu (+0.06 e/atom) 

to surface Ni (-0.06 e/atom) as rendered in Fig. 2a. Interestingly, for the 

Ni(111)-Cu-Ni NSA as shown in Fig. 2b, when Cu locates at subsurface, charge 

evidently transfers from subsurface Cu (+0.06 e/atom) to surface Ni (-0.04 e/atom) 

and third Ni (-0.02 e/atom) layers, respectively. The Bader charge analysis further 

confirms that charge accumulation at surface layer follows the order Ni(111) (-0.03 

e/atom) < Ni(111)-Cu-Ni (-0.04 e/atom) < Cu(111)-Cu-Ni (-0.06 e/atom).  

 

Fig. 2 Charge density difference plots of the Ni/Cu(111) SAs and NSAs. The charge 

density difference refers to the variance between the total charge density of the 

Ni/Cu(111) and the sum of the charge density of the separated Cu (or Ni) single layer 

and other five Ni (or Cu) layers, which are kept the same geometric structures as those 

in the Ni/Cu(111) SAs and NSAs. The red and green color regions mark the depletion 

and accumulation of electronic charges, respectively. The top view shows the charge 

density difference at interface of the Ni/Cu(111) SAs and NSAs. 

In contrast, when Cu locates at the surface, the charge transfer would decrease 

due to mutually offset of the surface effect and electronic structure effect. As shown in 

Fig. 2c, for the Ni(111)-Ni-Cu SA, charge accumulation at surface Cu layer is almost 
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0.00 e/atom, and -0.01 and +0.01 e/atom for the second and third Ni layers, 

respectively. While, for the Cu(111)-Ni-Cu NSA, charge distinctly accumulates at 

subsurface Ni layer (-0.04 e/atom), which transfers from the surface (+0.01 e/atom), 

third (+0.02 e/atom) and fourth (+0.01 e/atom) Cu layers, respectively. Charge 

accumulation at surface layer follows the order Cu(111)-Ni-Cu (+0.01 00e/atom) < Ni 

(111)-Ni-Cu (0.00 e/atom) < Cu (111) (-0.02 e/atom). 

 

Fig. 3 The density of states onto the d-band of the surface layer for the Ni(111), 

Cu(111) and Ni/Cu(111) SAs and NSAs. The red lines indicate the corresponding 

d-band center (eV). The dash lines represent the Fermi level, which is taken as zero.  

In order to further understand charge-transfer-induced surface reactivity, the 

electron density analysis was performed to determine the density of states (DOS) onto 

the d-band of the surface layer for these Ni/Cu(111) SAs and NSAs. As shown in Fig. 

3, the d-state curves of the surface layer show that Cu-surface layers have hardly any 

electron density near the Fermi level, whereas Ni-surface layers have stronger charge 

density near the Fermi level, which indicates the Ni/Cu(111) SA/NSAs with 

Ni-surface layer have the higher chemical activity than that with Cu-surface layer. 

Furthermore, it can be seen that the d-band states of the Ni-surface layer have larger 
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shift toward the Fermi level, which from -1.79 (Ni(111)) to -1.45 (Ni(111)-Cu-Ni), 

and to -1.28 eV (Cu(111)-Cu-Ni), as shown in Fig. 3a, b, and c. While the d-states of 

the Cu-surface layer have only slightly shift toward the Fermi level, which from -2.61 

(Cu(111)) to -2.53 (Ni(111)-Ni-Cu), and to -2.40 eV (Cu(111)-Ni-Cu), as shown in 

Fig. 3d, e, and f. The results indicate the surfaces of these Ni/Cu(111) SAs and NSAs 

all have the higher chemical activity than their corresponding the Ni(111) and Cu(111) 

surfaces. 

Graphene layers on Ni/Cu (111) SAs and NSAs 

Adsorption energy 

In this section, we focus on the interaction behavior of these Ni/Cu(111) SAs and 

NSAs with various graphene layers, and then compared to the Ni(111) and Cu(111). 

As shown in Fig. 1b, two stable symmetrical configurations, FCC and HCP, were 

studied in this work. The detailed optimized structure parameters and corresponding 

adsorption energies are given in Table 2 and 3, respectively.  

The results in Table 2 and 3 show that the interaction behavior of various 

graphene layers with different stacking sequence on the Ni/Cu(111) SAs and NSAs 

directly depend on the adjoining surface-metal layer. As illustrated in Table 2, the 

interlayer distances from the graphene bottom layer to the Cu-surface layer of the 

Ni(111)-Ni-Cu and Cu(111)-Ni-Cu are similar (dgCu, 3.00±0.05 Å), which are 

comparable to that in graphene/Cu(111) systems. The interlayer distances from the 

graphene bottom layer to the Ni-surface layer of the Cu(111)-Cu-Ni and 

Ni(111)-Cu-Ni are 2.10±0.05 Å, which are comparable to that in graphene/Ni(111) 

systems. The interlayer distances from the bottom layer to the second layer (d12) and 

the second layer to the third layer of graphene (d23) are comparable to those of 

freestanding graphene layers. 
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Table 2 Optimized structure parameters of freestanding mono-, bi-, and trilayer graphene, as well as these graphene layers adsorbed on 
N/Cu(111) SAs and NSAs. b is the C-C bond length in graphene. d12 and d23 are the interlayer distances from the bottom to second, and second 
to third layer. dgm is the distance from the graphene bottom layer to surface layer of the Ni/Cu (111) SAs and NSAs. All values are given in Å. 

            Monolayer Bilayer Trilayer 

Stacking   AB AA ABA ABC 

 

Free 

d23 - - - 3.28 3.24 

d12 - 3.24 3.49 3.28 3.23 

b 1.42 1.42 1.42 1.42 1.42 

Location  FCC HCP FCC HCP FCC HCP FCC HCP FCC HCP 

Ni(111)-Ni-Cu b 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 

 d23 - - - - - - 3.20 3.25 3.23 3.22 

d12 - - 3.20 3.19 3.45 3.47 3.21 3.25 3.23 3.20 

dgCu 3.02 3.05 2.99 3.00 3.01 3.01 2.95 2.97 2.94 2.98 

Ni(111)-Cu-Ni b 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 

 d23 - - - - - - 3.21 3.22 3.22 3.24 

d12 - - 3.15 3.14 3.26 3.28 3.15 3.17 3.16 3.17 

dgNi 2.16 2.16 2.13 2.14 2.12 2.14 2.11 2.12 2.11 2.11 

Cu(111)-Ni-Cu b 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 

 d23 - - - - - - 3.26 4.12 3.25 3.29 

d12 - - 3.26 3.30 3.50 3.52 3.25 3.25 3.24 3.24 

dgCu 2.97 2.97 2.92 2.99 2.89 2.91 3.01 3.02 3.01 3.05 

Cu(111)-Cu-Ni b 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 

 d23 - - - - - - 3.22 3.23 3.23 3.25 

 d12 

dgNi 

- 

2.06 

- 

2.07 

3.17 

2.06 

3.20 

2.06 

3.30 

2.05 

3.34 

2.06 

3.15 

2.08 

3.16 

2.09 

3.15 

2.08 

3.17 

2.09 
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Table 3 The adsorption energy (eV/C) of graphene layers on Ni(111), Cu(111) and Ni/Cu(111) SAs and NSAs. Adsorption locations correspond 
to the illustration in Fig. 1 

Stacking Monolayer 
Bilayer Trilayer 

AB AA ABA ABC 

Location FCC HCP FCC HCP FCC HCP FCC HCP FCC HCP 
∆EgNi(111) -0.31 -0.30 -0.36 -0.35 -0.37 -0.35 -0.38 -0.36 -0.37 -0.35 

∆EgNi(111)-Cu-Ni -0.29 -0.30 -0.35 -0.35 -0.36 -0.35 -0.37 -0.37 -0.37 -0.36 
∆EgCu(111)-Cu-Ni -0.34 -0.34 -0.35 -0.34 -0.36 -0.35 -0.31 -0.29 -0.30 -0.29 
∆EgNi(111)-Ni-Cu -0.22 -0.22 -0.25 -0.25 -0.24 -0.24 -0.27 -0.26 -0.26 -0.26 
∆EgCu(111)-Ni-Cu -0.19 -0.19 -0.17 -0.16 -0.18 -0.17 -0.13 -0.13 -0.12 -0.11 
∆EgCu(111) -0.19 -0.19 -0.17 -0.17 -0.16 -0.16 -0.14 -0.13 -0.13 -0.12 
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Importantly, the interaction strength between graphene bottom layer and 

surface-metal layer can be tuned by the Ni/Cu(111) SAs distinctly, while it has only a 

minor change when these graphene layers adsorb on the Ni/Cu(111) NSAs. As shown 

in Table 3, the adsorption energies of the graphene layers with different stacking 

sequence on the Ni(111)-Ni-Cu SA are significantly lower than that on the Ni(111) 

about 0.08~0.13 eV/C, but higher than that on the Cu(111) about 0.03~0.14 eV/C, 

respectively. In addition, the adsorption energies of these graphene layers adsorb on 

the Ni(111)-Ni-Cu have a similar change trend with that on the Ni(111), which 

increase with the increase of graphene layers: monolayer (~0.22 eV/C) < bilayer 

(~0.24 eV/C) < trilayer (~0.26 eV/C). However, no significant differences are found 

in the adsorption energies of these graphene layers on the Ni(111)-Cu-Ni NAS by 

comparing with that on the Ni(111). The adsorption energies have the same change 

trend with that on the Ni(111), which increase with the increase of graphene layers: 

monolayer (~0.30 eV/C) < bilayer (~0.35 eV/C) < trilayer (~0.37 eV/C). 

When monolayer graphene adsorbs on the Cu(111)-Cu-Ni SA, the adsorption 

energies are 0.34 eV/C, which are even higher than that on the Ni(111) by 0.03 eV/C. 

The adsorption energies of bilayer graphene on Cu(111)-Cu-Ni are 0.35eV/C, almost 

equal to that on the Ni(111). The adsorption energies of trilayer graphene on 

Cu(111)-Cu-Ni are 0.30 eV/C which lower than that on the Ni(111) surface by 0.07 eV. 

However, the adsorption energies of these graphene layers on the Cu(111)-Ni-Cu NSA 

are nearly equal to that on the Cu(111), and their change trend are also similar to that 

on the Cu(111), which decrease with the increase of graphene layers: monolayer 

(~0.19 eV/C) < bilayer (~0.17 eV/C) < trilayer (~0.12 eV/C). The adsorption energies 

difference between the FCC and HCP configurations of these graphene layers on these 

bimetallic SAs and NASs are insignificant. 
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Charge transfer in the graphene-Ni/Cu(111) SA and NSA systems 

 

Fig. 4 Charge density difference plots of mono- and bilayer graphene on Ni/Cu(111) 

SAs and NSAs. The charge density difference refers to the variance between the total 

charge density of graphene-Ni/Cu(111) systems and the sum of the charge density of 

the separated graphene and Ni/Cu(111) SA or NSA. The geometric structures of 

separated graphene and Ni/Cu(111) were kept the same as those in 

graphene-Ni/Cu(111) systems. The red and green color regions mark the depletion and 

accumulation of electronic charges, respectively. The top views show the charge 

density difference at interface of the graphene-Ni/Cu(111) systems. 

To better illustrate the charge transfer at interface, the charge density differences 

of mono- and bilayer graphene on these Ni/Cu(111) SAs and NSAs are plotted in Fig. 

4. As illustrated in Fig. 4a, c, e, and g, there is a strong charge transfer at the interface 
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between the graphene bottom layer and Ni-surface layer, resulting in strong chemical 

bonds between graphene layer and Ni-surface layer. For the monolayer graphene 

adsorption on the Cu(111)-Cu-Ni SA, the side view in Fig. 4a shows that the surface 

Ni atoms directly donate electrons to the C atoms sitting on top of the Ni atoms 

(labeled as A), and C atoms sitting on hollow sites (labeled as B) also back donate 

electrons from their σ-bands. The top view in Fig. 4a shows that, on the monolayer 

graphene, the charge density significantly increases near C atoms at the position A, 

while its decreases near C atoms at the position B. The Bader charge analysis further 

confirms that C atoms at the position A have -0.22 e/atom, while C atoms at the 

position B only have +0.06 e/atom, respectively. For the Cu(111)-Cu-Ni SA, the 

charge depletions of surface Ni atoms is +0.14 e/atom, while subsurface Cu atoms 

only deplete +0.02 e/atom. 

In comparison, the graphene/Ni(111)-Cu-Ni NSA system has a subtle difference 

with the graphene/Cu(111)-Cu-Ni SA system as shown in the top view of Fig. 4c and 

a. The side view in Fig. 4c shows that surface Ni atoms and C atoms at the position B 

donate their electrons to C atoms which at the position A together. The Bader charge 

analysis further confirms that C atoms at the position A have -0.21 e/atom, while C 

atoms at the position B have +0.12 e/atom. The surface Ni atoms only deplete +0.06 

e/atom. The subsurface Cu atoms and third Ni atoms have +0.05, and -0.02 e/atom, 

respectively. 

For the graphene adsorption on the Cu-surface systems, there is only a minor 

charge redistribution and electronic polarization at interface between the bottom layer 

and Cu-surface layer, which can be observed less charge accumulation on the C atom 

at the position A as shown in Fig. 4b and d. On both Ni-surface and Cu-surface 

systems, the charge transfer of the bottom layer of bilayer graphene is similar to the 
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monolayer graphene. The top layer of bilayer graphene has neither charge 

accumulation nor depletion, as shown in Fig. 4e, g, f, and h.  

 

Fig. 5 The DOS onto the P-band of the monolayer graphene on Ni(111), Cu(111) and 

Ni/Cu(111) SAs and NSAs. The red lines indicate the corresponding P-band center 

(eV). The dash lines indicate the Fermi level, which is taken as zero. 

Partial density of states of graphene on the Ni/Cu(111) SAs and NSAs 

It is well known that P-band of graphene is related to the interaction between 

graphene layer and metal surfaces. In order to have a better insight into the interaction 

of graphene with Ni/Cu(111) SAs and NSAs, herein, the p-band centers of monolayer 

graphene in these graphene/metal systems are plotted. A good relationship between 

the p-band centers of monolayer graphene and the interaction strength of 

graphene-metal is found by comparing the adsorption energies in Table 3 and the 

p-band centers in Fig. 5. The p-band centers of monolayer graphene are -7.42 eV on 

Ni(111)-Ni-Cu and -7.85 eV on Ni(111)-Cu-Ni, while it is -8.09 eV on Ni(111) as 

shown in Fig. 5c, b, and a. As a consequence, the interaction energies of graphene on 

these metal substrates are also in the order of Ni(111)-Ni-Cu < Ni(111)-Cu-Ni < 

Ni(111) as shown in Table 3. Obviously, there is a larger upshift of p-band center in 
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monolayer graphene on Ni/Cu(111) SAs and NSAs than that on the Ni(111), 

indicating a higher chemical activity and relatively weaker interaction of monolayer 

graphene on Ni/Cu(111) SAs and NSAs than that on the Ni(111). For the Cu-based 

SAs and NSAs, the p-band center of monolayer graphene on Cu(111)-Cu-Ni is −7.74 

eV, exhibit a downshift compared to that on Cu(111) (−7.32 eV) as shown in Fig. 5f 

and d, indicating a lower chemical activity and stronger interaction of graphene on 

Cu(111)-Cu-Ni SA than that on Cu(111). However, the change of p-band center is not 

obvious for graphene on Cu(111)-Ni-Cu (−7.28 eV) compared to that on the Cu(111) 

(−7.32 eV) as shown in Fig. 5e and d. The adsorption energies of graphene on these 

metal substrates are in the order of Ni(111)-Ni-Cu > Cu(111)-Ni-Cu ≈ Cu(111) as 

shown in Table 3. 

Discussion 

Epitaxial growth of graphene on transition metal surfaces is a complex 

heterogeneous catalytic process. Transition metal surfaces usually serve as a support 

for chemical vapor deposition growth of graphene. It is generally accepted that C 

precursors would decompose and deposit carbon atoms or dimmers on the metal 

surfaces. And then C atoms or dimmers would nucleate to form small C clusters of 

various sizes. Subsequently, these C atoms or dimmers on metal catalysts 

continuously incorporate into C clusters, and eventually grow into graphene layer on 

metal surfaces. Many experimental and theoretical studies have showed that in 

general graphene displays two distinct types of interaction with transition metal 

surfaces. Graphene may chemisorb on metal surface through a hybridization between 

the π-orbital of graphene and d-orbital of metal with graphene-metal distance of ~2.1 

Å. This happens on Ni, Co, Ru, and Pd.50 In contrast, the distance between graphene 

and the metal surface is ~3.0 Å. When graphene physisorbs on the Cu, Pt, Ag, and Au 
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surfaces through Pauli-exclusion and van der Waals (vdW) attraction between the 

π-orbital of graphene and s-orbital of metal.51  

The intention of our recent works is to find a general guideline for layer 

controlled growth of graphene on metal surfaces by exploring the interfacial structure 

and interaction between graphene and metal surfaces. Our recent theoretical study 

shows that the interaction strength increases with the increase of graphene layers on 

the chemisorbed Ni(111) surface, while it decreases on the physisorbed Cu(111) 

surface.25 Monolayer graphene on the Ni(111) is more reactive than that on the 

Cu(111). Furthermore, our results suggested that graphene growth on chemisorbed 

metal surface would lead to few-layer graphene; while the growth on physisorbed 

metal surfaces could be limited to mono- or bilayer graphene. In order to achieve 

layer controlled growth, it is important to be able to tune the interaction between 

graphene and metal surfaces during different growth stages. This could be done 

through doping metal surfaces with impurities or forming metal alloys.23, 52 

In current work, to further explore the interaction of graphene layers with 

bimetallic alloys and their difference with the pure metal surfaces for controlled 

growth of graphene, we extended our study to investigate the interfacial structure and 

interaction of graphene layers with the bimetallic Ni/Cu(111) SA and NSAs. Our 

results from geometric structure, adsorption energy, charge transfer, and DOS 

demonstrate that the interaction strength between graphene layer and bimetallic 

surface could be tuned selectively by reasonable designing surface alloys. The 

initially weak interfacial interaction of graphene/Cu(111) could be enhanced 

substantially by Ni surface introducing. In contrast, the initially strong interfacial 

interaction of graphene/Ni(111) could be reduced successfully by Cu surface 

introducing. More interestingly, Liu et al. proposed a new pathway of layer control 
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growth of high-quality graphene that is the synergetic combination of the distinct 

carbon solubilities of Cu and Ni and well-known segregation phenomenon in Cu/Ni 

binary alloy.23 Based on the finding from this study, we propose that the Ni layers 

located at subsurface could be used as the carbon source and layer number controlled, 

while the Cu layer located at surface could be employed as a favorable segregation 

medium, such as the Ni(111)-Ni-Cu SA. To achieve layer controlled growth of 

uniform graphene, this can be done through regulating the thickness of the surface Cu 

layers in the Ni(111)-Ni-Cu SA, so the segregation of carbon species on the Cu 

surface layers may be changed to provide desired growth condition. 

Conclusions 

In this work, we systematically studied the properties of the Ni/Cu (111) SAs and 

NSAs and the interaction of the graphene layers with these Ni/Cu (111) SAs and 

NSAs by the DFT-D2 method. The results show that the Ni/Cu(111) SAs and NSAs 

have a larger surface relaxation than the Ni(111) and Cu(111). The interlayer distance 

increases when a Ni layer of the Ni(111) is substituted with a Cu layer, while it 

decreases when a Cu layer of the Cu(111) is substituted with a Ni layer. Furthermore, 

the Ni/Cu(111) SA/NSAs with the Cu-surface layer is energetically more favorable 

than that with the Ni-surface layer. Charge density difference and Bader charge 

analysis show that the interfacial layers of the Ni/Cu (111) SAs and NSAs exhibit 

different charge transfer distinctly. Charge always transfers from the Cu-layer to 

Ni-layer, leading to Ni-layer with more charge accumulation than Cu-layer. The 

results of DOS suggest that the Ni-surface layer of the Ni/Cu(111) SA/NSAs have a 

higher chemical activity than the Cu-surface layer. 

When graphene layers adsorb on these Ni/Cu(111) SAs and NSAs, the 

interaction behavior directly depends on the adjoining surface-metal layer. Thereby, 
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the interaction strength of graphene-metal can be tuned by the surface alloying 

distinctly, while it has only minor change by subsurface alloying. The initially weak 

interfacial interaction of graphene/Cu(111) could be enhanced substantially by Ni 

surface introducing. The interface distance was decreased from ~3.0 Å to ~2.1 Å, and 

there is a strong charge transfer from the Ni-surface layer to graphene bottom layer. In 

contrast, the initially strong interfacial interaction of graphene/Ni(111) could be 

reduced successfully by Cu surface introducing. Accordingly, the interface distance 

was increased from ~2.1 Å to ~3.0 Å, and there is only a minor electronic polarization 

at interface of graphene/Ni(111)-Ni-Cu. Furthermore, the analysis of DOS shows that 

the graphene bottom layer on Ni-surface layer has higher chemical activity than that 

on Cu-surface layer. The deeper insights into the interfacial structure and interaction 

between graphene layers and bimetallic SAs and NSAs from this study are expected 

to provide guides for designing alloy catalyst and achieving controlled growth of 

graphene. 
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