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Numerical model and main assumptions 

Here, the model of the neutral-gas interactions on a metal surface exposed to a neutral gas 

of C2H4/H2+CH4 mixtures is presented. Due to direct adsorption of hydrocarbon molecules 

and hydrogen atoms/molecules on the bare metal surface they undergo 

thermal/hydrogen-induced dissociation (TD/HID) and carbon atoms (building units (BUs)) 

are generated as a result (see Figure 1 in the main text).RS1,RS2 Because of the extremely low 

solubility of carbon atoms in CuRS3 and Ru/IrRS4 (in the temperature range considered here) 

the carbon diffusion into the metal bulk and then segregation into the surface are very 

unlikely to happen. So, all the BU creation/loss processes as well as graphene nucleation and 

growth processes take place on the top surface of the metal substrate. The carbon atoms 

(BUs) are created via TD/HID of C2H4/CH4 molecules.RS4-RS6 The BUs diffuse on the metal 

surface and agglomerate forming the 5 C atom clusters as intermediate C structures during 

the graphene nucleation.RS6 The clusters formed diffuse and collide with each other and 

nucleate graphene nuclei. The most stable carbon nuclei predicted experimentally and 

theoretically to form at the initial stage of graphene nucleation on the transition-metal 

substrates contain 7 honeycomb units.RS7,RS8 Therefore, here, we assume that 6 carbon 

clusters contribute to the graphene nucleus formation, which is known as the early stage in 

graphene growth. This assumption made since previous numerical workRS9 introduced this 

nucleus configuration not only as the optimum nucleus structure that enables the numerical 

solution to reproduce the main features of the experimental data,RS4 but also it has a similar 

number of BUs to stable graphene structures observed by Scanning Tunneling MicroscopyRS7 

and predicted by DFT calculations.RS8,RS10 After the graphene nuclei are formed, they grow 
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together or diffuse and stitch to each other producing larger graphene islands. The latter 

process is called Smoluchowski ripening which strongly depends on the initial graphene 

nucleus density (or initial distance between graphene islands) as well as the surface 

temperature.RS11 The BU production on the metal surface becomes less effective with 

increasing the graphene surface coverage. This is because access of precursor hydrocarbon 

molecules to bare metal surface is reduced when the graphene domains cover the surface. 

This in turn leads to less effective thermal/hydrogen-induced decomposition of the precursor 

molecules. 

 

The set of equations used to describe the graphene nucleation and growth includes 
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for hydrogen atoms (H), CH4 molecules, hydrocarbon radicals (CH, CH2, and CH3), C2H4 

molecules, carbon atoms, 5-C clusters, graphene nuclei/islands, and surface coverage 

by graphene, respectively. The first term in Eq. (S-1) describes the hydrogen atom 

adsorption (on the bare Cu surface), whereas the second, third, and fourth terms 

describe hydrogen atom loss through hydrogen-induced dehydrogenation (HID, with the 

energy barrier sdHE ), hydrogen atom recombination, and hydrogen desorption, 

respectively. The first term in Eq. (S-2) describes the reduction in the adsorption flux of 

hydrocarbons (due to the graphene covering the bare metal surface), while the second 

and third terms account for loss of CH4 molecules due to HID and thermal desorption 

(with energy barrier desCHE ) from the Cu metal surface. Equation (S-3) describes the 

creation (of radicals with fewer hydrogen atoms) and loss reactions involved in HID. The 

first term in Eq. (S-4) describes the reduction in the C2H4 adsorption flux to the Ru/Ir 

surface (due to the graphene covering the bare metal surface), while the second and 

third terms account for loss of C2H4 molecules due to TD and thermal desorption (with 

energy barrier desCHE ) from the metal surface. In above Eqs.,  TvPJ 4/th, 

 

 and n
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denote the flux of species   and its concentration on the surface, respectively, where 

P  is the pressure of   gas and th,v  is thermal speed of   species. Here, 

424 H/CCH and H,   stand for hydrogen atoms and hydrocarbon molecules, 

respectively. 

 

In Eq. (S-5) 

 

       kTEnkTEnnkTEnJC /exp/exp/exp tdCLCLsdHCHHtdCHHC 42
  

   kTEnpm /exp tdISIS    

 

describes creation of carbon atoms due to TD [HID], dissociation of carbon clusters (with 

energy barrier tdCLE ) and graphene nucleus (with energy barrier tdISE ), whereas 

  

      kTEmnkTEnJnkTEnJ CC /exp/exp/exp sdC

m

sdHHHCevCC    

  kTEEnn /exp incCsdCISC    

 

describes loss of carbon atoms due to evaporation (EV, with energy barrier evCE ), 

hydrogen-induced etching (HIE), formation of m-C clusters ( 5m ), and carbon atom 

incorporation into the graphene network (with energy barrier incCE ). Here, Cn , CLn , and 

ISn  are the surface concentrations of carbon atoms, 5-C clusters, and graphene nuclei, 

respectively. In Eq. (S-6), except for the first term which describes the creation of 5-C atom 

clusters, the second, third, and fourth terms account for the cluster loss due to dissociation 

of C clusters, formation of graphene nuclei (from 6p  clusters), cluster incorporation into 

the graphene network, respectively. The first, second, and third terms in Eq. (S-7) account 

for the formation of graphene nuclei, growth of graphene islands, and Smoluchowski 
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ripening of graphene islands,RS11 respectively.  5.1  in the ripening term denotes the 

dependence of the island surface diffusion on the average size of the graphene islands.RS11 

Finally, the Eq. (S-8) describes the total graphene surface coverage ( G ) due to formation of 

graphene nuclei (first term) as well as incorporations of the carbon atoms and clusters 

(second and third terms) into the graphene network. In Eqs. (S-1)-(S-8),   is the thermal 

vibrational frequency and the lattice constant 0a  has been set to unity, i.e., 0.10 a . 

 

The above equations are solved numerically and the surface concentrations of key species (e. 

g., C atoms, hydrogen atoms, etc.) as well as the graphene growth parameters (e. g., 

graphene island density, graphene surface coverage) are obtained as functions of time. In 

the present work, the hydrogen/hydrocarbon pressure 
424 H/CCHH / PP  and substrate 

temperature T  are used as input parameters in the computations. 

 

Very-low-pressure CVD of graphene on Ru: effect of temperature 

 

The surface concentration of C atoms Cn

 

as a function of time t

 

has been plotted at 

different temperatures in Figure S1. It is clearly seen that graphene nucleates only when the 

catalyst temperature has been raised above the threshold value ( K570T ). This clearly 

demonstrates the minimum-temperature requirement for the graphene nucleation, which 

was evidenced by experimental observation of no graphene nucleation at very low 

temperatures even with a constant supply of a precursor gas.RS12 The nucleation time nt

 

decreases with increasing the temperature in the low-temperature range ( K 800550 T ), 

whereas it increases with T  in the high-temperature range. This can be understood by 

noting that with increasing the temperature, TD of the hydrocarbon molecules becomes 

more effective, so more C atoms are generated and contribute into C-cluster formation. 

Hence, more clusters are produced within a shorter time, so the graphene nucleation 

happens faster at higher temperatures. However, with increasing T  in the 
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high-temperature range, despite the enhanced creation of carbon atoms, the hydrocarbon 

desorption and C evaporation (EV) become more effective as well. In this case, the C loss 

dominates over C production on the bare metal surface, and hence, the graphene nucleation 

takes place within shorter times. Also, the C concentration required for graphene nucleation 

(
nuc

Cn ) and C concentration at equilibrium stage (
eq

Cn ) show different trends with increasing 

T

 

in the low- and high-temperature ranges (see Figure S2). It is seen in Figure S2 that the 

numerically-calculated concentrations, 
nuc

Cn  and 
eq

Cn , first increase with T , whereas they 

decrease with a further increase in T . The computed changes in 
nuc

Cn  and 
eq

Cn  (with the 

increase of the catalyst temperature) are similar in trend to the changes in the equivalent 

concentrations measured in the CVD experiment using ethylene as the precursor gas.RS4 This 

good agreement between the numerical and the experimental results further confirms the 

validity of the numerical model developed. 

 

Low-pressure CVD of graphene on Cu: effects of hydrogen/hydrocarbon pressure 

and temperature 

 

It was mentioned (in the main body of the main text) that hydrogen atoms have dual role in 

the nucleation and growth of graphene on Cu when methane (CH4) gas is used as the 

precursor gas.RS5 This is shown in Figure S3, where the C concentration required for 

nucleation of C nuclei (
nuc

Cn ) is plotted as a function of hydrogen gas pressure ( HP ). 

Hydrogen atoms adsorbed on the surface dehydrogenate the hydrocarbon 

molecules/radicals leading to production of building units (C atoms) required for graphene 

nucleation. The C atom creation is enhanced with increasing HP  as a result of a higher 

hydrogen flux to the bare metal surface which in turn results in more effective HID. However, 

further increasing in the hydrogen gas pressure leads to an effective hydrogen etching of the 

C atoms as well as hydrocarbon radicals from the substrate surface, which in turn leads to 

presence of smaller number of C atoms on the surface. Thus, 
nuc

Cn  decreases with further 
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increasing the hydrogen gas pressure (see Figure S3). 

 

As was mentioned in the main text, with decreasing the bare surface area (due to increasing 

the graphene surface coverage) the adsorption of precursor molecules becomes less 

effective, which in turn less BUs are produced (on the surface) and then attach to the 

graphene (islands). Therefore, a decrease of the graphene growth rate is likely to happen 

with increasing the surface coverage ( G ). This expected trend is obtained numerically and 

plotted in Figure S4, where functionality of graphene growth rate GR  on G  has been 

shown for different hydrocarbon gas pressures (Figure S4a) and catalyst temperatures 

(Figure S4b). GR increases with increasing the hydrocarbon gas pressure (see Figure S4a) 

as a result of more intense fluxes of CH4 molecules to the Cu catalyst surface which is 

followed by more effective dehydrogenation of the adsorbed molecules. This is in good 

agreement with the experimental results of Li et al.RS13 More importantly, the computed 

trend of GR (with increase of G ) is as same as the observed trend of change in graphene 

growth rate as the graphene monolayer covers the Cu surface in CVD experiment.RS13 

 

Changes in the graphene growth parameters with increasing Cu catalyst temperature T  are 

non-monotonic and show opposite trends in low- and high-temperature ranges under 

low-pressure CVD conditions (see Figure S4b and Figure S5). The first increase of graphene 

growth with increasing T  can be attributed to more effective HID at high T . With a further 

increase in T , the hydrogen etching of carbon atoms (due to hydrogen atom-C monomer 

reactions, reaction (11) in Table 1 in the main text) prevails over the HID of the hydrocarbon 

molecules (CH4). In this case, the BU surface concentration decreases, which leads to a lower 

graphene growth rate (see Figure S4b). As a result, the total graphene surface coverage 

decreases at a much higher catalyst temperatures, especially when the hydrogen gas 

pressure is so high (see Figure S5). These numerical results are consistence with reported 

minimum-temperature requirement for an effective etching of the monolayer graphene in 

the CVD experiment,RS5 which indicates the important role of temperature in the effective 
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hydrogen etching of graphene layers and producing single-layer graphene. 

 

Dehydrogenation of hydrocarbon molecules on a Cu surface: a discussion 

 

Here we discuss possible channels of dehydrogenation (decomposition) of hydrocarbon 

(especially methane) molecules on a Cu catalyst surface. Direct decomposition of methane 

(CH4) molecules on a Cu surface is energetically much less favourable compared to other 

metals.RS14 Indeed, the activation energy of this process is very large, almost four times 

larger compared to a Ni surface.RS15 Therefore, thermal decomposition of CH4 is less likely to 

happen or, at least is much less effective compared to other cases. Moreover, the rate of C 

production from thermal decomposition of hydrocarbon molecules (in general, not only CH4 

molecules) is much lower on a Cu surface than on a Ni surface.RS16 More importantly, La Cava 

et al. reported that no C deposition was detected at low temperatures when the hydrogen gas 

was not supplied.RS16 These arguments evidence the less important role of the thermal 

decomposition in the production of C atoms that are required for the graphene nucleation 

and growth on the surface of a Cu substrate commonly used in graphene synthesis 

experiments. 

 

However, other catalyst agents (such as hydrogen or oxygen atoms) can react with CH4 

molecules on the Cu (and other metal) surface leading to hydrogen abstraction (and 

eventually C production) from the CH4 molecules.RS2,RS15,RS16,RS17 This was evidenced 

experimentally by addition of hydrogen (oxygen) gas to the hydrocarbon gas (CH4, during 

the growth step) and increasing the hydrogen partial pressure, which led to the initiation of 

graphene nucleation or an increase of the C deposition rate at all temperatures (on the Cu foil 

surface).RS5,RS15,RS16 As mentioned above, C deposition experiment by La Cava et al. showed 

that no carbon material was found on the catalyst surface without addition of hydrogen gas 

at temperatures below 873 K.RS16 Also, hydrogen annealing of the Cu catalyst foil/film leads 

to more effective enrichment of the catalyst surface with hydrogen atoms. These atoms then 

react with CH4 molecules during the growth process and promote hydrogen-assisted 
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dehydrogenation of the CH4 molecules, which in turn leads to the generation of C atoms 

required for graphene nucleation.RS18,RS19 This effect becomes more effective when a Cu film 

(catalyst substrate) is evaporated and annealed in hydrogen gas (until the Cu substrate is 

heated to the growth temperature). This process leads to the formation of Cu(111) facets 

which (like Cu(110) facets)RS20 are energetically most favorable sites for the adsorption of 

hydrogen atoms.RS21 Therefore, graphene synthesis is possible through a hydrogen-free 

growth step due to dehydrogenation and possibly thermal decomposition of hydrocarbon 

molecules (hence, C production) by the hydrogen atoms pre-adsorbed during the annealing 

step.RS18,RS19  

 

Main mobile C species on a Cu catalyst surface: a discussion. 

 

Here we discuss the stability of mobile C monomers and dimers and their roles in the growth 

of monolayer graphene on a Cu catalyst surface. Since a very low energy is needed to 

overcome the energy barrier for C monomer diffusion on the Cu surface, the C monomers can 

easily diffuse on the surface and contribute to the formation of C clustersRS22,RS23 and growth 

of larger graphene islands. Recently, Shu et al.RS24 and Luo et al.,RS25 using ab initio 

calculations, demonstrated that the growth of the initial graphene nuclei (and the formation 

of regularly shaped graphene islands) on a Cu catalyst surface is mostly determined by the 

incorporation of C monomers rather than C dimers. Strictly speaking, attachment of C 

monomers into the stable graphene-edge sites can be used as a viable mechanism to 

reasonably interpret the formation of large graphene islands with regular shapes observed in 

graphene growth experiments.RS25 

 

However, a recent Density Functional Theory (DFT) calculation showed that a C monomer 

may be energetically unstable on a Cu catalyst surface.RS26 This study also claimed that the 

formation of C dimers (and their diffusion and the subsequent formation of larger graphene 

islands) on the Cu catalyst surface is energetically favourable and the C dimers are more 

stable than the C monomers. In addition to this, first-principles calculations demonstrated 
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that generation of C monomers (and four hydrogen atoms) via direct thermal decomposition 

of methane (CH4) molecules on a Cu surface is less favorable, which was interpreted as an 

instability of C monomers.RS14 Therefore, stability of C monomers on the Cu surface is a 

highly debatable issue and more comprehensive investigations are warranted in order to 

better understand the most important C species (and their roles) in the growth of monolayer 

graphene on a Cu substrate commonly used in graphene synthesis.RS25 

 

The role of 5-atom C clusters in graphene growth on a Cu surface: a discussion 

 

Here we briefly discuss the important role of 5-atom C clusters in graphene growth on a Cu 

substrate surface. Relevant reports are extremely rare. However, recently Luo et al.RS25 

reported on the importance of 5-atom C cluster contribution to graphene growth on a Cu 

catalyst surface. Interestingly, attachment of 5-atom clusters to a zigzag-edged graphene 

island is the energetically favorable mechanism which provides stable binding sites for the 

attachment of the C monomers. RS25 The calculations also showed that the rate of the cluster 

attachment (to the graphene edge) is lower than the rate of monomer attachment. 

Otherwise the growth of irregularly shaped graphene domains (on the Cu catalyst surface) is 

expected, which contradicts the experimental observations.RS25,RS27 Therefore, 5-atom C 

clusters are crucial in the growth of monolayer graphene not only on the Ru/Ir catalyst layer, 

but also on the Cu catalyst layer.  

 

Temperature dependence of graphene surface coverage: a brief report 

 

Here we mention briefly the different trends of graphene coverage with variations in the 

substrate temperature and discuss the possible reasons for such the growth trends. As we 

mentioned in the main text, the graphene surface coverage increases with increasing in the 

catalyst temperature. This trend agrees with numerous graphene growth 

experiments.RS16,RS28,RS29 This can be explained by the enhanced dehydrogenation of 

hydrocarbon molecules (thus generation of C atoms) at higher temperatures. In contrast, 
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the surface coverage is reduced upon further increasing the temperature which was 

observed in the experiments of graphene growth and C deposition by Vlassiouk et al.RS5 and 

La Cava et al.,RS16 respectively. Vlassiouk et al. expressed their observation as “we have 

verified that the minimum temperature at which such etching (by hydrogen) noticeably 

occurs for graphene on Cu is no less than 850 °C”. Regarding this experimental evidence, it 

is clear that with increasing the temperature, while the hydrogen pressure is high, the 

graphene surface coverage should decrease. This is because not only the evaporation of C 

atoms (desorption of hydrocarbon precursor prior to undergoing dehydrogenation) becomes 

stronger, but also the rate of etching (by adsorbed hydrogen atoms, see reaction 11 in Table 

1 of the main text) becomes stronger with increasing the substrate temperature. Apart from 

this, a recent experimental work by Olle et al.RS30 reported a decrease of the total graphene 

surface coverage with further increasing the reaction temperature. In this work, more 

effective desorption of hydrocarbon molecules from the metal surface at high temperatures 

is mentioned as the most plausible reason for such an unusual behavior of the graphene 

surface coverage upon increasing the temperature.
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Figure S1. The evolution of C atom concentration at different temperatures. Solid, 

dashed, dotted, dash-dotted, dash-dot-dotted, and long-dashed curves correspond to 

550T , 570 , 600 , 700 , 800 , and K 1020 , respectively. Also, the hydrocarbon gas 

pressure is mTorr 103 6

CH

P .  
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Figure S2. Comparison between results of the numerical modeling and LEEM 

measurement of graphene growth by exposing Ru catalyst surface to ethylene gas. 

The C atom concentrations in equilibrium with the graphene 
eq

Cn  (triangles) after the 

hydrocarbon flux is switched off and the C concentration required to nucleate graphene 
nuc

Cn  

(circles) from solution of the rate equation (filled symbols) and the LEEM measurements 

(hollow symbols) of Loginova et al.RS4 Also, the ethylene gas pressure is mTorr 103 6

CH

P .
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Figure S3. Effect of the hydrogen atoms on initiation of the graphene nucleation 

and etching of the BUs from Cu catalyst surface. The C atom concentrations required to 

nucleate graphene 
nuc

Cn  (circles) from the solution of a set of rate equations. Total gas 

pressure and catalyst temperature are mTorr 10P  and K 823T , respectively. 
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Figure S4. Effect of the process parameters on the graphene growth. The graphene 

growth rate GR  as a function of graphene coverage G  for three different hydrocarbon gas 

pressures (a) and Cu catalyst temperatures (b). Solid, dashed, and dotted curves in (a) 

correspond to 1CH P , 2 , and mTorr 6 , respectively, while the same curves in (b) 

correspond to 823T , 873T , and K 923 , respectively. Unless varied in any particular 

plot, the default set of parameters is K 823T , mTorr 10P , mTorr 25.1H P , and 

mTorr 0.1CH P . 
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Figure S5. Effect of temperature on hydrogen etching of the graphene. The time 

evolutions of graphene surface coverage G  at four different Cu catalyst temperatures. 

Solid, dashed, dotted, and dashed-dotted curves correspond to 573T , 813T , 873T , 

and K 1023 , respectively. The default set of parameters is mTorr 10P , mTorr 0.9H P , 

and mTorr 0.1CH P . 
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