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The dissociation of carbon feedstock is a crucial step for understanding the mechanism of graphene 

chemical vapor deposition (CVD) growth. Using first-principles calculations, we perform a 

comprehensive theoretical study for the population of various active carbon species, including carbon 

monomer and various radicals, CHi (i = 1, 2, 3, 4), on four representative transition-metal surfaces, 

Cu(111), Ni(111), Ir(111) and Rh(111), under different experimental conditions. On the Cu surface, 

which is less active, the population of CH and C monomer at subsurface are found very high and thus are 

the most important precursors for the graphene CVD growth. On the Ni surface, which is more active 

than Cu, C monomers at the subsurface dominate the graphene CVD growth under most experimental 

conditions. Differently, on the active Ir and Rh surfaces, C monomers on the surfaces are found very 

stable and thus are the main precursors for graphene growth. This study shows that the mechanism of 

graphene CVD growth depends on the activity of catalyst surfaces and the detailed graphene growth 

process at atomic level can be controlled by varying the temperature or partial pressure of hydrogen. 

1. Introduction  

Graphene, a single-atom thickness of graphite with the sp2 bonded 

honeycomb lattice, has outstanding properties and numerous 

potential applications, in particular as the replacement of Si in future 

electronics.1-3 Among the known methods of graphene production, 

chemical vapor deposition (CVD) growth on transition-metal (TM) 

surfaces is known as the most promising technique for the mass 

production of large area, high quality graphene. In recent years, a 

large number of experimental studies have been devoted to the 

exploration of the optimum condition of graphene CVD growth. 

Numerous TMs, such as Cu,4,5 Ni,6 Ir,7 Pd,8 Pt,9 Rh,10 Ru,11 etc., and 

their alloys12 were found appropriate as the catalysts for graphene 

CVD synthesis. The mechanism of graphene growth on these 

catalyst surfaces have been extensively studied recently13-27 but our 

knowledge on the mechanism at atomic level is still very limited 

In spite of these great experimental achievements, deep and 

comprehensive understanding on the mechanism of graphene CVD 

growth has not been achieved, which is known as one of the main 

obstacles for the further improvement of the experimental design to 

achieve the final goal of graphene synthesis--the wafer sized single 

crystalline graphene with very high quality. To achieve the optimum 

condition for desired graphene growth, the selection of catalyst is 

one of key issues. Previously, it has been noticed that the C 

solubility in TMs is a key factor for graphene growth. For example, 

catalysts like Ni, Co and Fe have very high carbon solubility and 

thus the growth of graphene on the TMs is a consequence of the 

continuous C atoms precipitated from the bulk.28 In contrast, Cu has 

extremely low carbon solubility and thus the growth of graphene is a 

self-limited process, where the diffusion of C species on the Cu 

surface plays a crucial role.29 Differently, the graphene formation on 

active catalyst surfaces, such as Ir, Rh and Ru, is initiated by high 

supersaturated C monomers on them and then dominated by the 

attachment of carbon clusters during growth.30,31 Hence, how the 

growth of graphene depends on the type of catalyst is a crucial issue 

for the comprehensive understanding on the graphene CVD growth. 

In most experiments of graphene CVD growth, hydrocarbon gases 

are used as the carbon feedstock, and the most used one is CH4. The 

decomposition of CH4 at high temperature could lead to the 

formation of carbon atoms or radicals such as CHi (i = 1, 2, 3) 

through the reaction of  

CHi = CH(i-1) + 1/2 H2,                                (1) 

either in vacuum or on the TM surfaces.32 Recently, Zhang et al.18 

reported an inspiring theoretical study and showed that the 

dominating C species that attached to the edge of graphene during 

growth on Cu(111) surface might not be C monomer but the radicals 

such as CHi (i = 1, 2, 3). As H2 appeared on the right side of the 

reaction formula (1), certainly the partial pressure of H2 in the carrier 

gas is important in the control the dominating carbon species for 

graphene CVD growth and thus might greatly affect the growth 

behaviour of graphene as evidenced in many experiments.33-36 And 

certainly, the activity of the catalyst would also affect the stabilities 

of the decomposed carbon species, CHi (i =0, 1, 2, 3), and their 

populations on the surfaces. As shown in previous studies, the 

activity of the most used catalysts follows the order of Ru ~ Rh ~ Ir > 

Co ~ Ni > Cu > Au ~ Ag.22-24 On an active catalyst surface, the 

radicals interact strongly with the catalyst surface and therefore are 

very stable. 

In this article, we report a comprehensive theoretical study of the 

energetics, kinetics, and populations of various carbon species CHi (i 

= 0, 1, 2, 3, 4) on four representative transition-metal surfaces 

(Cu(111), Ni(111), Ir(111) and Rh(111)) during the graphene CVD 

growth. Our results indicate that the active C species on these metal 

surfaces strongly depends on the metal-C interaction and the growth 

condition, which is responsible for the different nucleation and 

growth behaviours of graphene. 

2. Computational Details 

All calculations are performed with the density-functional theory 

(DFT) approach as implemented by the Vienna ab initio Simulation 

Package (VASP).37,38 The exchange-correlation energy is treated in 

the Perdew-Burke-Ernzerhof (PBE) version of the generalized-

Page 1 of 8 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



PAPER Nanoscale 

2 | Nanoscale  This journal is © The Royal Society of Chemistry 2014 

gradient approximation (GGA) functional.39,40 In order to accurately 

describe the van der Waals interactions (vdWs) between CH4 

molecule and TM surfaces, the PBE functional with the vdWs 

correction (DFT-D2) 41 has also been used. The energy cutoff of the 

plane-wave expansion is set to 400 eV. The Monkhorst-Pack k-point 

mesh of 4×4×1 is found to provide sufficient accuracy in the 

Brillouin zone integration. All structures were optimized by 

conjugate gradient method until the forces acting on each atom are 

less than 0.01 eV/Å. The climbing image nudged elastic band (CI-

NEB) method42 was used to determine the energy barriers of various 

kinetic processes. 

All four metal surfaces (Cu(111), Ni(111), Ir(111), and Rh(111)) 

are modelled by using slab geometry with four metal atomic layers 

in which the bottom-layer atoms are fixed at their respective bulk 

positions. The unit cells of the slabs are 8.85 Å × 10.22 Å, 8.63 Å × 

9.97 Å, 9.40 Å × 10.86 Å, and 9.32 Å × 10.76 Å for Cu(111), 

Ni(111), Ir(111), and Rh(111) surfaces, respectively. The metal 

surfaces with in-plane periodicity are separated by ~12 Å vacuum 

layer to prohibit the interactions of neighboring surface slabs. For 

the geometry optimization, all atoms except for the fixed bottom-

layer atoms have been fully relaxed and then various CHi (i = 0, 1, 2, 

3, 4) species are put on metal substrate surface for further 

optimization. 

3. Results and Discussion 

We firstly focus on the relative binding strength of various CHi (i=0, 

1, 2, 3) species on TM surfaces. The binding energies Eb which is 

defined as:  

Eb = EM + ECHi - ET ,                               (2) 

where ET, EM, and ECHi are the energies of a given structure, metal 

substrate, and CHi species, respectively. During the graphene CVD 

growth, the strong TM-C binding is needed for a CHi specie to be 

adsorbed on the TM surfaces and be involved in the graphene 

nucleation and growth. In order to locate the optimum adsorption 

sites, both the surface and subsurface adsorption have been 

considered. As shown in Fig. 1a, the considered sites for the surface 

adsorption include the top (T), fcc hollow (F), hcp hollow (H) and 

bridge (B) sites, and one octahedral site (O) and two tetrahedral sites 

(TE1 and TE2) are considered for the subsurface adsorption.  

 Fig. 1 (a) Adsorption sites and (b) binding energies of various CHi species on four representative transition-metal surfaces (Cu, Ni, Ir, and Rh). Surface adsorption sites 

include the top (T), hcp hollow (H), fcc hollow (F), and bridge (B) sites, and the subsurface adsorption sites include one octahedral site (O) and two tetrahedral sites 

(TE1 and TE2), respectively. C-I and C-II represent the carbon atom on metal surface and subsurface, respectively.  

The calculated binding energies of CHi (i = 0, 1, 2, 3, 4) on these 

sites are summarized in Table 1 and the binding energies at their 

optimum adsorption sites are shown in Fig. 1b. For both Cu(111) 

and Ni(111) surfaces, C monomer at the octahedral site (O) of the 

subsurface (named C-II) has the largest binding energies of 5.40 and 

7.27 eV, respectively. These calculated energies are in good 

agreement with that reported in literature.43 While the C-II at the 

tetrahedral sites (TE1 and TE2) of the subsurface is not stable and it 

will migrate to another site during structural optimization. For 

example, the C-II at TE1 moves to the O site and the C-II at the TE2 

moves to the H site. On Ir(111) and Rh(111) surfaces, the C 

monomer on surface (C-I) is more stable than that at the subsurface. 

The binding energies of C-I on Ir(111) and Rh(111) surfaces are 7.08 

and 7.21 eV, respectively, which are 1.57 and 0.31 eV higher than 

the C-II that at the subsurface, respectively.  

On each of the explored TM surface, increasing H component in 

CHi always leads to weaker binding as expected. The binding 

energies of a CH4 molecule on all metal surfaces are nearly zero (~0-

0.05 eV) which implies that the very weak interaction between CH4 

and metal substrates is not sufficient to bind the molecule on the 

metal surface and therefore the CH4 molecules should not be counted 

as an active C specie in graphene growth. It’s necessary to mention 

that the GGA-PBE method can’t treat the weak vdWs interaction 

between a CH4 molecule and a TM surface well. To provide more 

accurate data, the binding energies of CHi (i =0-4) on these metal 

surfaces have been calculated by the DFT method with the vdWs 

correction (DFT-D2 method) and the results are listed in Table S1 in 

the ESI†.  The binding energies of a CH4 molecule on the four TM 

surfaces calculated by DFT-D2 method are ~0.2 eV larger than those 

calculated by the GGA-PBE method. Moreover, we also found that 

the binding energies of other active species, CHi (i = 0, 1, 2, 3), are 

method dependent. Nevertheless, the CHi-metal interactions (i = 0, 1, 

2, 3) are mainly contributed by the chemical bonding and thus the 

results from GGA-PBE should be valid. As shown in Fig. 1b, the 

binding energies of all other CHi species (i =0-3) are greater than 1.0 

eV and thus they can be held on the catalyst surfaces for a sufficient 

long time and be involved in the graphene nucleation and growth. In 

another words, they are all active for graphene growth on these 

catalyst surfaces. 

It’s interesting that the binding energy increment of CHi species 

on metal surfaces with the H components is almost linear (see Fig. 

S1†). The scale relation between CHi binding energies and the H 

component agrees well with previous theoretical report by Nørskov 

et al 44.  The binding energy of CHi (i = 1, 2, 3, 4) on these catalyst 

can be fitted by 

Eb(i) = E0 – αi,                                   (3) 
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Table 1. Binding energy Eb (in eV), diffusion barrier ED (in eV), and diffusion path of various C precursors on Cu, Ni, Ir and Rh surfaces. C-

I and C-II represent the carbon monomer on metal surface and subsurface, respectively. The character T, F, H, and B denote the top, fcc, hcp, 

and bridge adsorption sites on metal surfaces, and O, TE1 and TE2 denote octahedral and tetrahedral adsorption sites on metal subsurface, 

respectively. N/A represent that the carbon species at the site are not stable after structural optimizations and they will move to other 

adsorption sites. 

 On Cu(111) 

Eb (eV) ED (eV) Diffusion 

path Surface T F H B 

C-I N/A 4.90 4.87 4.86 0.25 HFH 

CH N/A 4.96 4.90 N/A 0.30 HFH 

CH2 N/A 3.05 3.01 N/A 0.33 HFH 

CH3 0.97 1.14 1.06 1.05 0.31 HFH 

CH4 0.05 - - 

Subsurface O TE1 TE2  0.63 OO 

C1-II 5.39 N/A N/A  0.86 OF 

 On Ni(111) 

Surface T F H B ED (eV) Diffusion 

path C-I N/A 6.70 6.76 N/A 0.29 HFH 

CH N/A 6.42 6.40 N/A 0.30 HFH 

CH2 N/A 4.06 4.01 N/A 0.16 HFH 

CH3 1.63 1.98 1.95 1.78 0.15 HFH 

CH4 0.06 - - 

Site O TE1 TE2  0.78 OO 

C1-II 7.27 N/A N/A  1.06 OF 

 On Ir(111) 

Surface T F H B ED (eV) Diffusion 

path C-I 5.67 6.87 7.08 N/A 1.35 HFH 

CH 4.94 6.78 6.78 N/A 1.18 HFH 

CH2 3.46 4.10 4.08 4.08 0.88 HFH 

CH3 1.87 1.44 1.52 N/A 0.64 FTF 

CH4 0.04 - - 

Subsurface O TE1 TE2  0.56 OTE1O 

C1-II 5.51 5.48 N/A  1.18 OF 

 On Rh(111) 

Surface T F H B ED (eV) Diffusion 

path C-I 5.20 7.03 7.21 N/A 0.82 HFH 

CH N/A 6.68 6.72 N/A 0.74 HFH 

CH2 3.30 4.16 4.13 4.07 0.37 HFH 

CH3 1.77 1.83 1.81 1.75 0.34 HFH 

CH4 0.03 - - 

Subsurface O TE1 TE2  0.76 OTE1O 

C1-II 6.90 6.50 N/A  1.08 OF 
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Table 2 The fitted parameters Eo (in eV) and α for the binding energies of 

CHi species on Cu, Ni, Ir and Rh surfaces.  

Parameters  Cu Ni Ir Rh 

E0 (eV) 5.82 7.73 7.77 7.84 

α (eV)  1.45 1.89 1.90 1.93 

 

where E0 and α depends on the type of catalysts and can be 

viewed as the indicators for the activeness of the catalyst 

surface. The fitted numbers of E0 and α are shown in Table 2. It 

can be clearly seen that the binding strength of these carbon 

species on these metal surfaces follows the order of Cu < Ni ~ 

Ir ~ Rh. The difference of CHi-metal binding strength can be 

understood by the d-band model.44 In this model, the interaction 

between a CHi and a metal surface strongly depends on the 

width and energy of metal’s d states which play an important 

role in adjusting the p-d hybridization of adsorbent and metal 

surface. The relatively weak binding strength of CHi on Cu(111) 

surface arises from the difference of d-band energies between 

Cu and other metal surfaces. Similar results about the activity 

of TM surfaces have also been demonstrated in previous 

studies.24  

Among the four active carbon species, the binding energies of 

CH3 on these catalyst surfaces are in the range of 1.14 - 1.87 eV. The 

thermal dynamic life time of a species on the catalyst surface can be 

estimated by  

τ =  τ0 exp(Eb/kBT),                              (4) 

where τ0 = h/kBT, h and kB are the Plank and Boltzmann constants, 

respectively. Hence, the lifetime of a CH3 at a typical temperature of 

graphene CVD growth (T =1000- 1300 K) ranges from 10-8 to 10-4 s, 

which is very short for the species to diffuse a longer distance on the 

catalyst surfaces. In contrast, all other species (C, CH and CH2) has 

much stronger binding energy (Eb > 3.0 eV) and their lifetime on the 

catalyst surfaces reaches 103 s or longer. So, we conclude that C 

monomer, CH and CH2 should be the three crucial species for 

graphene CVD growth. 

We next investigate the relative stabilities and population of these 

active species CHi (i = 0, 1, 2, 3) on these TM surfaces. Because 

hydrogen is often involved in graphene CVD growth, the relative 

Gibbs free energy (ΔGf) of a specie should be defined as45-47: 

ΔGf = ET – EM + ∆Fvib – nCμC – nHμH                                               (5) 

where nC = 1 and nH = i are the number of C and H atoms in CHi, 

respectively. ∆Fvib is the vibrational contribution to Gibbs free 

energy of CHi species, μC and μH are carbon and hydrogen chemical 

potentials respectively and they depend on the growth temperature 

and partial pressure of H2 and CH4. The computational details for the 

determination of relative Gibbs free energy, ∆Fvib, and atomic 

chemical potentials have been presented in ESI†.  
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Fig. 2 Relative Gibbs free energy ΔGf of various CHi species (i = 0-3) on (a) Cu(111), (b) Ni(111), (c) Ir(111), and (d) Rh(111) surfaces as a function of  μH. C-I and C-

II represent the carbon monomer on metal surface and subsurface, respectively.  
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Fig. 3 Relative population of various CHi species (i = 0, 1, 2, 3) on Cu(111), Ni(111), Ir(111), and Rh(111) surfaces for the temperature T at (a) 800 K, (b) 1000 K, (c) 

1200 K, and (d) 1400 K, respectively; where the H2 pressure is set to 10-2 mbar and μC is set to the energy of C atom in graphene. C-I and C-II represent the carbon atom 

on metal surface and subsurface, respectively. 

Fig. 2 shows that the relative Gibbs free energies of species CHi (i 

= 0, 1, 2, 3) on the four TM surfaces as a function of μH, and μC is set 

to the energy of C atom in graphene (-9.233 eV/atom). It is found 

that the stability of CHi highly depends on μH. On the Cu(111) 

surface (see Fig. 2a), the most stable CHi species in the regime of μH > 

-0.72 eV is CH3, then becomes the CH in the regime of μH [-1.24 

eV, -0.72 eV], and then C atom at the subsurface (C-II) for μH < -

1.24 eV. CH2 never be the dominate species because its binding 

energy lies between those of CH and CH3. The result indicates that 

high dehydrogenation level of feedstock is preferred with the 

decrease of μH. Similar trend has been observed on Ni(111) surface 

(see Fig. 2b), but the regime for the CH to be dominate is very 

narrow and the C-II is the dominating specie when μH < -0.53 eV. 

The stability of CHi (i = 0, 1, 2, 3) on Ir(111) and Rh(111) surfaces 

are very similar (see Fig. 1(c) and Fig. 1(d)). With the reduction of H 

chemical potential, the most stable CHi species changes from CH3 to 

CH, and then to C monomer on surface (C-I). 

Most graphene CVD growth occurs at a high temperature range of 

800 K < T < 1400 K, at which the μH ranged from -1.6 to -0.6 eV, 

depending on the partial pressure of H2 (Fig. S2†). Certainly such a 

large μH could significantly affect the population of each carbon 

species. To explicitly show the abundance of each carbon specie, the 

relative population (Pi) of the CHi (i = 0, 1, 2, 3), which is defined as: 

exp( / ) / exp( / )
f f

x x

x

x

P G kT G kT   ,                   (6) 

on the four TM surfaces and at T = 800, 1000, 1200 and 1400 K, 

respectively, and with a H2 partial pressure of 10-2 mbar are shown 

in Fig. 3a-3d.  

It can be clearly seen that the dominating CHi specie strongly 

depends on both temperature and the type of TM surface. At 800 K, 

the dominating C species on Cu(111) surface are CH and C-II has 

higher population on Ni(111). While, on the Ir(111) and Rh(111) 

surfaces, the CH and C-I are the dominating C species. This results 

are in consistent with those experimental observations48,49, in which 

nucleation density of graphene on TM surfaces is low at lower 

temperature due to the incomplete dehydrogenation of feedstock. 

Increasing temperature leads to the reduction of μH and large 

population of highly dehydrogenated species. At 1000 K (see Fig. 

3b), on Cu(111) surface, the surface species are mainly CH and part 

of C-II. On Ni(111), the populations of C-II is dominating, which 

implies that nearly all the feedstock completely dehydrogenated. 

While on Ir(111) and Rh(111), CH and C-I are dominating but the 

C-I has higher population. At 1200 K (see Fig. 3c), C-II indicates 

higher population than CH on Cu surface and fully dehydrogenated 

feedstock is dominating for all other three TM surfaces. At even 

higher temperature, T =1400 K (Fig. 3d), the fully dehydrogenated 

C-I or C-II becomes the dominating carbon species on all four TM 

surfaces.  

From above analysis, we can conclude that, under the condition of 

most CVD experiments, C monomer and the CH are two competitive 

species on Cu, Ir and Rh surfaces. They are more active than CH2 

and CH3 and thus the growth of graphene should be mainly due to 

the attachment of C monomer and CH onto the edge of graphene 

domains. In particular for Cu surface, the CH is very active carbon 

specie and the combination of CH specie may induce the formation 

of C2H2, namely, CH+CHC2H2. Previous theoretical study18 also 

found the highly stable C2H2 on Cu(111) surface even at the high 

temperature of CVD growth(e.g., T ~ 1300 K). Combining two CH 

species into a C2H2 is an exothermic process with the energy release 

of 1.94 eV and an activation energy barrier of 0.3 eV. Therefore, the 

C2H2 can also be an important intermediate for the nucleation and 

growth of graphene on Cu surface. On the Ni surface, the role of CH 

can be ignored due to the very low population and activity. For 

graphene growth at high temperature (e.g., T ~ 1300 K), which is 

known required for the fast growth of high quality graphene on all 

catalyst surfaces, the C monomer is the only dominating C species. 

This result partially explained the requirement of high temperature 

for high quality graphene CVD growth.  

In addition to the temperature, H2 and CH4 partial pressures (PH2 

and PCH4) also play a crucial role in the graphene CVD growth. As 
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shown in Fig. S2†, PH2 affects μH greatly. Choosing a typical growth 

temperature, T = 1200 K, Fig. 4 presents the populations of various 

CHi species on four TM surfaces as a function of PH2. As expected 

from above discussion, only two species, CH and C monomer, have 

significant populations in the large PH2 range from 10-4 to 102 mbar, 

which covers most experimental conditions. Increasing PH2 always 

leads to larger population of CH. On Cu(111) surface (Fig. 4a), 

increasing PH2 range from 10-4 to 102 mbar leads to a rise of the CH 

population from 1% to 75% and the deduction of the population of C 

monomer from 96% to 15%. Such a great change in the population 

of active carbon species must leads to a significant change in growth 

behavior. As evidenced experimentally, the graphene grown on Cu 

surface can be tuned to be rounded, hexagonal and branched shapes 

by simply tuning the partial pressure of H2.
5,50 On the Ni(111) 

substrate (Fig. 4b), the populations of CHi (i = 0, 1, 2, 3) species is 

very different from those on Cu(111) surface. It can be found that 

carbon monomer at the subsurface is the only dominating species in 

the whole PH2 range. It means that the dehydrogenation of feedstock 

on Ni is very complete and C monomers tend to diffusion into Ni 

substrate. This has been evidenced as the formation of surface 

carbide phase (Ni2C phase) on Ni.6 On Ir(111) and Rh(111) surfaces 

(see Fig. 4c and Fig. 4d), it can be observed that the main active C 

species are the surface C monomer on the surface (C-I) for the low 

H2 pressure, but the population of CH gradually increases with the 

increasing H2 pressure. Considering the higher activity of C 

monomer than CH, the dominating specie for graphene growth on 

Ir(111) and Rh(111) should be C monomer as well. Therefore, 

increasing H2 pressure should not affect the growth behavior notably. 
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 Fig. 4 Population of various CHi species (i = 0-3) on (a) Cu(111), (b) Ni(111), (c) Ir(111), and Rh(111) surfaces as a function of H2 pressure, the growth temperature T 

is set to 1200 K. C-I and C-II represent the carbon atom on metal surface and subsurface, respectively.   

During the graphene CVD growth, the ratio of PCH4 and PH2 ,χ, is 

another important factor for adjusting the carbon chemical potential 

(μC) and Gibbs free energy of CHi species on TM surface. Hence, the 

population of CHi may be changed by adjusting the χ. To highlight 

the role of χ = PCH4/PH2, we have considered four different χ, namely, 

χ = 100, 1, 0.01, and 0.0001. The computational detail for the 

dependence of μC on χ has been presented in ESI†. As shown in Fig. 

S3†, μC increases with the increase of χ for a given H2 pressure but 

the increment of μC between two χ ratios is still same in the allowed 

range of H2 pressure. For example, μC at χ = 0.0001 is still 0.95 eV 

lower than that at χ = 1 in all allowed range of H2 pressure. 

Therefore, adjusting χ value leads to the change of Gibbs free energy. 

However, according to the definition of CHi population (see Eq.(6)), 

the population of CHi species will not be changed when relative 

Gibbs free energies of all CHi species were changed in same fold. 

Beyond the thermodynamics, the kinetics is another important 

issue of graphene CVD growth. The kinetics of CH4 dissociation on 

TM surfaces is a basic step for the nucleation and growth of 

graphene. The dehydrogenation from a CH4 molecule to a C atom 

needs to overcome a series of activity barriers (EA). Thus, the 

magnitude of activity energy barriers in the reaction process of 

dehydrogenation will also affect the population of CHi species on 

TM surfaces. Recently, Zhang et al.18 reported the decomposition of 

CH4 molecule on Cu surface by using the first-principle calculations. 

They found that the EA values in the range of 0.9~2.0 eV, in which 

the reaction step of CHC has the largest activity barrier. It implies 

that CH should have a higher population than C monomer on Cu 

surface. In contrast, the dehydrogenation of CH4 on Ni, Ir, and Rh 

surfaces has relatively lower activity energy barriers due to high 

surface activity. For example, the Eb values are only 0.2~1.3 eV and 

the calculated forward rate constants at 900 oC are beyond 2.6×108 

per second in all reaction steps of CH4 dissociation on Ni surface.51 

Therefore, the kinetics of CH4 dissociation on active TM surfaces 

should have less influences on the population of CHi species during 

the graphene CVD growth. 

    As evidenced experimentally, the diffusion limited growth 

behavior have been observed in graphene growth on various catalyst 

surfaces, which implies that the diffusion of the active carbon 

species on the catalyst surface is another key issue that determines 

the mechanism of graphene growth. Here the diffusion barriers of 

CHi (i = 0, 1, 2, 3) on the four TM surfaces is explored by the 

climbing nudged energy band (c-NEB) method,42 incorporated in the 

VASP package. Several possible diffusion pathways, including of 

surface diffusion, subsurface diffusion and the diffusion from the 

subsurface to surface, are considered for each species as shown in 

Table 1 and Fig. S4†. Except for CH3 on Ir(111), the optimum 

diffusion part for CHi (i = 1, 2 ,3) is between two hollow sites (or 

HFH as listed in Table 1). The subsurface diffusion of C 
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monomer via the hopping between two octahedral interstitial sites, 

namely OO, was found the lowest energy path. In addition, we 

also considered the diffusion of C monomers from the subsurface to 

surface and the pathway is noted as OF. The calculated lowest 

diffusion barriers of various CHi species on four TM surfaces have 

been shown in Table 1 and Fig. S4†. On the Cu(111) surface, C-II 

and CH are two key species under most conditions of graphene 

growth. The surface diffusion barrier of CH on Cu(111) surface is 

only 0.30 eV and the barrier of C-II is 0.63 eV. On the Ni(111) 

substrate, the C-II is the dominating specie under all the conditions 

of graphene growth. The diffusion of C-II in subsurface is 0.78 eV. 

Although the diffusion barriers of other CHi (i = 1, 2, 3) species are 

very low (< 0.3 eV) on Ni surface, they has little effect on graphene 

growth due to their very small populations.  

Owing to the low population of C atoms on Ir(111) and Rh(111) 

surfaces, the required C atoms during the graphene nucleation and 

growth are mainly supplied by the surface diffusion. The diffusion 

barriers of C/CH on Rh(111) and Ir(111) surfaces are 0.82/0.72 and 

1.35/1.18 eV, respectively. Among all the explored catalyst surfaces, 

the diffusion barriers on Ir(111) surface are the largest, especially for 

C monomer. Such a high barrier must limit the even distribution of 

active carbon species on the catalyst surface and thus 

homogeneously nucleation of many nuclei on Ir(111) surface is 

expected and observed experimentally.52 

Conclusions 

In conclusion, we have performed a comprehensive study of the 

energetics, population, and kinetics of various potential CHi 

species (i=0, 1, 2, 3, 4) on Cu(111), Ni(111), Ir(111), and 

Rh(111) surfaces during the graphene CVD growth. Different 

from the conventional viewpoint, the CH species with a higher 

population and low diffusion barrier should be responsible for 

the slow growth rate of graphene on Cu surface due to H-

passivated edge by the incorporation of CH. The C atom in 

subsurface is found to be the active C species on Ni(111) 

substrate, which agrees well with the experimental observations 

that C adatoms prefer to diffuse into the Ni substrate under the 

growth condition. On Ir(111) and Rh(111) surfaces, the main 

active C species are surface C adatom, which implies that 

graphene grows via the attachment of supersaturated C atoms 

on these metal surfaces. Our results indicate that these active C 

species in the CVD growth strongly depend on the activity of 

the catalyst surface and the growth condition (temperature, H2 

pressure, etc.), which provides a pathway to control the 

graphene growth by the selection of the catalysts and other 

parameters. 
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