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ABSTRACT 

 

The tunable electronic and optical properties 

of few layer graphene (FLG) make it 

potential for transparent conductive 

electrode applications. The FLG with 

precisely controlled number of layers can be 

grown using Chemical Vapor Deposition 

(CVD) method on the Cu-Ni alloy catalyst. 

However, the effect of Ni atom 

concentration in the Cu-Ni alloy catalyst on 

the FLG growth mechanism is still not fully 

understood. The kinetic aspect studies still 

need to be conducted to get a 

comprehensive picture of the growth 

process. Therefore, in this study, we use the 

density functional theory method to study 

the effect of Ni atom concentration on the 

growth mechanism of graphene on Cu-Ni 

alloy catalyst from the kinetic aspect. We 

consider two catalyst models, namely Cu-

Ni-1 (6.25 at % Ni) and Cu-Ni-3 (18.75 at 

% Ni) catalysts and two kinetic processes, 

namely diffusion of C atoms over the 

catalyst surface and diffusion of C atoms 

from the surface to the subsurface of the 

catalyst. We found that increasing the 

concentration of Ni atoms causes a 

reduction in the activation energy of the 

diffusion of C atoms from the surface to the 

subsurface of the catalyst, which in the case 

of Cu-Ni-2 catalyst is 0.16 eV. This 

activation energy is lower than the single 

atom energy at the graphene growth 

temperature (0.17 eV). This result indicates 

that Cu-Ni catalysts with Ni atom 

concentrations greater than 18.75% can be 

used to grow FLG with precisely controlled 

number of layers. This finding can be used 

as a guidance for experimental research in 

order to grow few layer graphene with high 

quality. 
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INTRODUCTION 

Research on synthesizing graphene with a 

controlled number of layers has become a 

significant interest in advanced materials, 

especially for electronics, sensors, and 

optical device applications (1,2). One of the 

widely used methods for growing graphene 

is Chemical Vapor Deposition (CVD), 

which enables the production of high-

quality graphene on a large scale. However, 

the main challenge in this method is to 

control the number of graphene layers 

formed because factors such as the type of 

catalyst, temperature, and pressure 

significantly affect the nucleation and 

growth rates (3–5). Therefore, a 

fundamental understanding of the reaction 

kinetics mechanisms during the graphene 

growth process is required. 

http://www.ijrrjournal.com/
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In order to overcome these challenges, the 

use of metal alloy-based catalysts, such as 

Cu-Ni, has attracted attention due to its 

ability to control the solubility of carbon 

atoms and the growth rate of graphene (6,7). 

The Cu-Ni alloy catalyst offers advantages 

compared to pure catalysts because they can 

balance the solubility and diffusivity of 

carbon atoms in the metal, which affects the 

formation of a few-layer graphene (8–10). 

However, the reaction mechanisms in the 

Cu-Ni catalyst, including surface and 

subsurface diffusion, are still not fully 

understood. Therefore, theoretical 

approaches, such as Density Functional 

Theory (DFT), can be used to investigate 

the underlying kinetic mechanisms of few-

layer graphene growth reactions. 

DFT has become a reliable method for 

explaining chemical reaction phenomena on 

metal surfaces, including in heterogeneous 

catalysis processes such as graphene 

synthesis (11–13). This method can 

calculate thermodynamic and kinetic 

parameters such as adsorption energy, 

activation energy, and the most likely 

reaction pathways during the graphene 

growth process (14,15). DFT studies also 

allow exploration of the effects of Cu-Ni 

alloy composition on the reaction kinetics of 

the carbon atom diffusion process, which 

can ultimately help in designing more 

optimal catalyst conditions to control the 

number of graphene layers. 

Therefore, this study uses the DFT method 

to elucidate the few-layer graphene growth 

reaction kinetics on a Cu-Ni catalyst with 

varying Ni atom concentrations. The results 

are expected to provide in-depth insight into 

the role of catalyst composition in 

controlling the number of graphene layers 

and help optimize growth parameters in the 

CVD method. 

 

COMPUTATIONAL METHODOLOGY 

This study will review two catalyst models: 

the Cu-Ni-1 catalyst (Ni atomic 

concentration of 6.25 at. %) and Cu-Ni-3 

(Ni atomic concentration of 18.75 at. %). 

The Cu (111) crystal surface is chosen as 

the basic model. This selection is based on 

the fact that the Cu (111) catalyst has a 

lattice constant that resembles graphene, 

resulting in a low lattice mismatch (8). The 

Cu (111) catalyst is modeled with four 

(2×2) supercell layers and a vacuum layer of 

15 Å height along the z-axis direction to 

avoid interactions between adjacent cells. 

The Cu−Ni-1 alloy catalyst is modeled by 

substituting one Cu atom on the top layer of 

the Cu (111) system with one Ni atom. To 

model the Cu−Ni-3 catalyst, three Cu atoms 

in the first to third layers of the Cu (111) 

system are substituted with three Ni atoms. 

The crystal structure of the Cu−Ni alloy 

catalyst model with various Ni atomic 

concentrations is shown in Figure 1. 

 

 
Figure 1. The crystal structures of Cu, Cu-Ni-1, and Cu-Ni-3 alloy catalyst models. 

 

The climbing image-nudged elastic band 

(CI-NEB) method based on density 

functional theory (DFT) was used to 

evaluate the diffusion kinetics of the C 

monomer. The CI-NEB method has been 

implemented in the Quantum ESPRESSO 
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code (16,17). The projected augmented 

wave (PAW) method regulated the 

interaction of valence electrons with the ion 

core (18). The Perdew–Burke–Ernzerhof 

(PBE)-based generalized gradient 

approximation (GGA) functional was used 

to approximate the exchange-correlation 

interaction (19). In the CI-NEB method, the 

initial and final configurations are 

connected with six intermediate state 

configurations to be optimized until the 

minimum energy path (MEP) is achieved. 

The optimization process is carried out until 

the force is no more than 0.02 eV/Å. The 

wave function is expanded with a plane 

wave basis with the cut-off energy set at 816 

eV. Gaussian smearing with a broadness of 

0.01 eV was used to determine the electron 

occupancy. The weak van der Waals 

interactions were also considered by 

implementing the semi-empirical DFT-D2 

approach. 

 

 

RESULT AND DISCUSSION 

Kinetics is a crucial aspect that needs to be 

reviewed in addition to energetics and 

thermodynamics to see the possible 

chemical processes in graphene growth. 

Diffusion of C monomers plays an 

important role in controlling the graphene 

growth mechanism. In this study, we want 

to check the kinetics of possible diffusion 

pathways of C monomers, including surface 

diffusion and diffusion from the surface to 

the sub-surface. From the kinetic analysis, 

MEP can be found, then the activation 

energy (EA) and product energy (EP) can be 

determined by the following equations: 

 

  (1) 

  (2) 

 

Where EIS, ETS, and EFS are the energies at 

the initial, transition, and final states, 

respectively. 

 
Figure 2. Energy profiles of C monomer diffusion on the surface of Cu, Cu−Ni-1, and Cu−Ni-3 catalysts. 

IS, TS, and FS indicate the initial, transition, and final states, respectively. 

 

Kinetic analysis was conducted to validate 

the transformation of active species of 

carbon source from C monomer on the 

catalyst surface to C monomer on the 

catalyst sub-surface. Figures 2 (a)-(c) show 

the energy profile of the C monomer 

diffusion on the surface of Cu, Cu-Ni-1, and 

Cu-Ni-3 catalysts, respectively, where the 

structures of the initial and final state are C 

monomer placed on the sites related to the 

second and first lowest adsorption energies. 

The addition of Ni atoms does not 

significantly affect the surface diffusion 

process of C monomers, which only 

observed a slight decrease in activation 

energy after alloying Ni atoms. The increase 

in the fraction of Ni atoms also does not 

significantly affect the energy profile of the 

C monomer surface diffusion. This 

condition is predicted because the surface 
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diffusion process of C monomers is only 

influenced by Cu or Ni atoms on the 

surface, which, in this study, the Cu-Ni-1 

and Cu-Ni-3 catalysts are modeled with the 

same density of Ni atoms on the catalyst 

surface. 

Figures 3(a)-(c) show the energy profiles of 

the diffusion of C monomers from the 

surface to the subsurface of Cu, Cu-Ni-1, 

and Cu-Ni-3 catalysts, respectively, which 

the structures of the initial and final state are 

C monomers placed on the surface and 

subsurface sites corresponding to the lowest 

adsorption energy, respectively. It has been 

observed that the alloying of Ni causes a 

significant decrease in the product energy. 

This condition causes diffusion to the 

subsurface, which was initially an 

endothermic process in pure Cu catalysts, to 

become an exothermic process in Cu-Ni 

catalysts. Increasing the fraction of Ni 

atoms further decreases the product energy, 

which, in Cu-Ni-3 catalyst, the product 

energy becomes −0.59 eV. 

 

 
Figure 3. Energy profiles of C monomer diffusion from surface to the sub-surface of Cu, Cu−Ni-1, and 

Cu−Ni-3 catalysts. IS, TS, and FS indicate the initial, transition, and final states, respectively. 

 

Moreover, the addition of Ni atoms can also 

reduce the activation energy of the C 

monomer diffusion from the surface to the 

sub-surface of the catalyst. In the Cu-Ni-1 

catalyst, the activation energy is reduced to 

0.59 eV. However, even though the 

activation energy has been reduced, the 

activation energy is still relatively high 

compared to the average energy of a single 

atom at a temperature of 1300 K, which is 

0.17 eV. Thus, the diffusion of C monomers 

to the sub-surface of the Cu-Ni-1 catalyst is 

not kinetically favored. This indicates that 

the growth mechanism of graphene on the 

Cu-Ni alloy catalyst with a low Ni 

concentration will be the same as the growth 

mechanism on the pure Cu catalyst. Further 

increasing the fraction of Ni atoms can 

reduce the activation energy, which in the 

Cu-Ni-3 catalyst is 0.16 eV. This activation 

energy is lower than the energy of a single 

atom at the growth temperature. Therefore, 

only a Cu-Ni-3 catalyst (Ni atomic fraction 

is ~18.75%) can facilitate the diffusion 

process of C atoms into the sub-surface of 

the catalyst. This result shows that a Cu-Ni 

catalyst with a Ni atomic fraction of more 

than 18.75% has the potential to be used to 

grow FLG with a precisely controlled 

number of layers. 

 

CONCLUSION 

We have studied the kinetics of C monomer 

diffusion on Cu-Ni alloy catalysts with 

various Ni atomic concentrations using the 

DFT method. The variations of Ni 

concentrations were 6.25% (Cu-Ni-1) and 

18.75% (Cu-Ni-3). Alloying with Ni atom 

did not significantly affect the diffusion of 

C monomer on the catalyst surface. 

However, it significantly reduced the 

activation and product energy of C 
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monomer diffusion from the surface to the 

sub-surface. Furthermore, an increase in Ni 

concentration made the diffusion process of 

C monomers from the surface to the sub-

surface more exothermic. Moreover, only a 

Cu-Ni-3 catalyst with a Ni fraction of 

18.75% effectively facilitated the diffusion 

of C monomers to the sub-surface. This 

condition indicates a change in the active 

species of the carbon source from C 

monomers on the catalyst surface to C 

monomers on the catalyst sub-surface. 

Therefore, only Cu-Ni catalysts with Ni 

fractions greater than 18.75% can 

potentially grow FLG with a controlled 

layer number. 
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