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S1. DFT calculations and reaction rates

Figure S1. Four layer 3 × 3 slab (on the left) and three layer 10 × 3 slab (on the right) that were used
to model the Cu(111) surface.

Figure S2. 5-rings wide graphene ribbon model that was used for the calculation of all reactions
involving graphene.

Supplementary Materials: Multiscale Model of CVD Growth of 
Graphene on Cu (111) Surface
Meysam Esmaeilpour 1,† , Patrick Bügel 1,† , Karin Fink 1 , Felix Studt 2,3 , Wolfgang Wenzel 1

and Mariana Kozlowska 1,*

https://orcid.org/0000-0001-8471-8914


S2 of S21

Table S1. The comparison of the calculated activation energies, Ea, from the present work (i.e. with
the PBE-D3 and the BEEF-vdW functionals) with the activation energies obtained using PBE-D2
functional [1]. All values are in eV.

Entry Reaction Type Ea (PBE-D3) Ea (BEEF-vdW) Ea (Li et al)
1 H2 
 H + H adsorption/desorption 0.37/0.92 0.96/0.88 0.31/0.80
2 CH4 
 CH3 + H adsorption/desorption 1.48/0.90 1.94/0.43 1.63/0.69
3 CH3 
 CH2 + H detachment/attachment 1.39/0.58 1.84/0.75 1.39/0.68
4 CH2 
 CH + H detachment/attachment 0.99/0.55 1.39/0.69 1.13/0.65
5 CH 
 C + H detachment/attachment 1.87/0.66 2.28/0.79 1.65/0.69
6 C + C 
 C2 attachment/detachment 0.55/3.62 0.25/3.97 0.25/2.75
7 C + CH 
 C2H attachment/detachment 0.48/2.95 0.49/3.19 1.27/2.95
8 CH + CH 
 C2H2 attachment/detachment 0.29/2.21 0.24/2.28 0.14/2.28
9 C2 + H 
 C2H attachment/detachment 0.83/1.45 0.88/1.61 0.72/1.38
10 C2H + H 
 C2H2 attachment/detachment 1.01/1.67 1.07/1.68 0.85/1.64
11 C2H2 desorption 1.59 0.89 1.83
12 C diffusion 0.15 0.11 0.50
13 CH diffusion 0.15 0.15 0.15
14 CH2 diffusion 0.14 0.13 0.18
15 C2 diffusion 0.48 0.58 0.49
16 C2H diffusion 0.31 0.15 0.32
17 C2H2 diffusion 0.36 0.30 0.44
18 H diffusion 0.14 0.13 0.13
19 C+edge 
 edge−C edge attachment/detachment 0.44/1.21 0.57/1.76 1.27/1.57
20 CH+edge 
 edge−CH edge attachment/detachment 0.33/0.83 0.61/1.25 0.44/1.08
21 CH2+edge 
 edge−CH2 edge attachment/detachment 0.06/1.79 0.46/2.35 0.19/2.08
22 C2+edge 
 edge−C2 edge attachment/detachment 1.22/2.24 1.21/2.31 0.58/2.19
23 C2H+edge 
 edge−C2H edge attachment/detachment 0.9/1.74 0.82/1.96 0.56/2.31
24 C2H2+edge 
 edge−C2H2 edge attachment/detachment 0.93/1.72 0.85/1.85 1.05/-
25 H + edge 
 edge−H edge attachment/detachment 0.77/1.61 0.81/1.79 0.64/1.53
26 edge−CH 
 edge−C+H (de)hydrogenation 1.76/0.71 1.5/0.54 -/-
27 edge−CH2 
 edge−CH+H (de)hydrogenation 2.36/0.59 2.74/0.93 2.04/0.73
28 edge−C2H 
 edge−C2+H (de)hydrogenation 1.57/1.08 1.73/1.19 1.39/0.83
29 edge−C2H2 
 edge−C2H+H (de)hydrogenation 1.7/1.07 2.07/1.18 -/-
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Figure S3. Parity plot comparing the energy barriers calculated with PBE-D3 functional (this work) 
vs. PBE-D2 functional [1].

S2. Linear scaling relations

Brøndsted, Evans and Polanyi showed that the activation energy scales linearly with
the reaction energy, EFS [2]. This relation was already used in the homogeneous catalysis
[3–5]. Nowadays, it is also widely used in heterogeneous catalysis[6–9], because it allows
to calculate the activation energy barrier without explicitly calculating the transition state.
Usually, calculating ground states and, therefore, reaction energies is straightforward,
while the calculation of transition states is rather difficult and can also fail for very complex
reactions. Here, we have employed the transition state scaling relations [10] to show
that scaling relations for such reactions exist. Instead of the activation energy, like in the
Brøndsted-Evans-Polanyi relation, the transition state energy, ETS, was used. The reaction
energy and the transition state energies of reaction:

xCH4(g) + Cu 
 CxHy(ads) +
(

2x− y
2

)
H2(g), (S1)

were calculated as:

∆EFS/TS = EFS/TS +
(

2x− y
2

)
EH2 − ECu − xECH4 . (S2)
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Figure S4. Reaction energies, ∆EFS, of small species: H, C, C2, CH, CH2, C2H and C2H2, attached to
the graphene edge, plotted against the transition state energies, ∆ETS. A linear fit indicates the linear
scaling relation.

First, we investigated the detachment of small species from the graphene edge (reac-
tions 19-25 in Table S1). Here, the reaction energy was calculated as for the case where the
small species is attached to the graphene edge. A similar procedure was also employed for
the dehydrogenation reactions from the graphene edges (reactions 25-29 in Table S1). The
reaction energy was calculated for the hydrogenated graphene edge (edge-H) respectively
the hydrogenated small species attached to the graphene edge (i.e. edge-CH). In Figure
S4 and Figure S5, the reaction energies are plotted against the transition state energies to
demonstrate the scaling. The energy scale of the observed reaction energies and transition
state energies is high, i.e. around 50 eV. It is connected to the fact that the formation of C on
the Cu(111) surface from CH4 costs roughly 4 eV. For the formation of the graphene edge
we needed to arrange 36 carbon atoms in the graphene structure. Since graphene is much
more stable than 36 carbon atoms on the surface, a total reaction energy is lower, however
the reaction is still endothermic.
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Figure S5. Reaction energies, ∆EFS, of the hydrogenated species: edge-H, edge-CH, edge-CH2, 
edge-C2H and edge-C2H2, at the graphene edge against the transition state energies, ∆ETS. A linear 
fit indicates the linear scaling relation.

As it can be seen, in both figures the transition state energy scales linearly with the 
reaction energy. The observed Pearson correlation coefficient, which measures the linear 
correlation between two sets of data, is > 0.97. Therefore, it should be possible to estimate 
activation energy barriers for similar reactions.

S3. KMC calculations
S3.1. Lattice construction and rates used in KMC simulations

We mapped the Cu(111) surface into the honeycomb lattice shown in Figure S6. It 
contains fcc and hcp adsorption sites where each site has three neighbors of the other type. 
The neighboring distance and lattice vectors are 0.142 nm, and 0.246 nm, respectively. With 
this consideration, honeycomb lattices of different sizes could be generated. The one we 
chose to perform simulations is on a 100 × 100 nm2 lattice with 388206 points. We defined 
the neighboring rule in a way to fill the neighborhood list of each point with three other 
points. Then, for points in a border that do not have 3 neighbors, we considered the missing 
spots as the mirror side of the lattice. However, because the simulation begins with a ribbon 
from the left as the first flake, it is not practical to have PBC from both the left and right 
sides.
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Figure S6. Illustration of the honeycomb lattice formed via fcc and hcp sub-lattices in blue and red. ~a
and~b are lattice vectors and the nearest neighbor distances are ~δi (i=1, 2, 3).

With a fixed temperature of 1300 K, we calculated all reaction rates, except dissociative
adsorption of methane and hydrogen, using the following equation:

rT =
KBT

h
exp(− Ea

KBT
) (S3)

where KB, h, and Ea are Boltzmann constant, Planck constant, activation energy barrier,
respectively, and KBh/T is the pre-exponential factor. We calculated H2 adsorption (shown
in Table 4 in the main body) based on the approach introduced in Ref. [1] as:

rad
H2

=
h2

(2πmH2 KBT)3/2

PH2 qvib
TS,H2

qvib
gas,H2

qrot
gas,H2

exp(− Ea

KBT
), (S4)

where

• qvib
TS,H2

= 54.96, is H2 vibrational partition function in the transition state at T = 1300.
• qvib

gas,H2
= 1.009, is the gas phase H2 vibrational partition function at T = 1300.

• qrot
gas,H2

= 7.466, is the gas phase H2 rotational partition function at T = 1300.
• PH2 is the partial pressure of H2.
• mH2 is the mass of H2.

we did the same for methane adsorption (shown in Table 4) as:

rad
CH4

=
h2

(2πmCH4 KBT)3/2

PCH4 qvib
TS,CH4

qvib
gas,CH4

qrot
gas,CH4

exp(− Ea

KBT
), (S5)

where

• qvib
TS,CH4

= 64532.53, is CH4 vibrational partition function in the transition state at
T = 1300.

• qvib
gas,CH4

= 3.575, is the gas phase CH4 vibrational partition function at T = 1300.
• qrot

gas,CH4
= 352.13, is the gas phase CH4 rotational partition function at T = 1300.

• PCH4 is the partial pressure of CH4.
• mCH4 is the mass of CH4.

For the whole lattice these adsorption rates were calculated via N f ree ×rad, where N f ree is
the number of available surface sites.

Table S2 includes 55 reactions ranging from dissociative adsorption of gases, attach-
ment of different species to edge, (de)hydrogenation of attached species, and ring closures,
their barriers and rates used in KMC simulations. We calculated all barriers, except the ring
formation and C2 flipping at edge (they were taken from Chen et al [11]), using our DFT
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approach (with PBE-D3 functional). Rates of reactions 1 to 29 are the same as reactions 1 -
29 in Table S1 for the PBE-D3 functional.

Table S2. Reactions considered in the KMC simulation.

Entry Reaction Type Barrier (eV) Rate (s−1)
1 H2 
 H+H adsorption/desorption 0.37/0.92 –/7.35×109

2 CH4 
 CH3+H adsorption/desorption 1.48/0.90 –/8.78×109

3 CH3 
 CH2+H detachment/attachment 1.39/0.58 1.11×108 /1.53×1011

4 CH2 
 CH+H detachment/attachment 0.99/0.55 3.93× 109 /1.99×1011

5 CH 
 C + H detachment/attachment 1.87/0.66 1.52× 106 /7.48×1010

6 C + C 
 C2 attachment/detachment 0.55/3.62 1.99×1011 /2.51×10−1

7 C + CH 
 C2H attachment/detachment 0.48/2.95 3.73× 1011 /9.92×101

8 CH + CH 
 C2H2 attachment/detachment 0.29/2.21 2.03× 1012 /7.33×104

9 C2 + H 
 C2H attachment/detachment 0.83/1.45 1.64×1010 /6.48×107

10 C2H + H 
 C2H2 attachment/detachment 1.01/1.67 3.29×109 /9.09×106

11 C2H2 desorption 1.59 1.86×107

12 C diffusion 0.15 7.1× 1012

13 CH diffusion 0.15 7.1× 1012

14 CH2 diffusion 0.14 7.76×1012

15 C2 diffusion 0.48 3.73×1011

16 C2H diffusion 0.31 1.07×1012

17 C2H2 diffusion 0.36 1.09×1012

18 H diffusion 0.14 7.76× 1012

19 C+edge 
 edge−C edge attachment/detachment 0.44/1.21 5.33×1011 /5.52×108

20 CH+edge 
 edge−CH edge attachment/detachment 0.33/0.83 1.42×1012 /1.64×1010

21 CH2+edge 
 edge−CH2 edge attachment/detachment 0.06/1.79 1.58×1013 /3.11×106

22 C2+edge 
 edge−C2 edge attachment/detachment 1.22/2.24 5.05×108 /5.06×104

23 C2H+edge 
 edge−C2H edge attachment/detachment 0.9/1.74 8.78×109 /4.87×106

24 C2H2+edge 
 edge−C2H2 edge attachment/detachment 0.93/1.72 6.72×109 /5.81×106

25 H + edge 
 edge−H edge attachment/detachment 0.77/1.61 2.80×1010 /1.55×107

26 edge−CH 
 edge−C+H (de)hydrogenation 1.76/0.71 4.07×106 /4.79×1010

27 edge−CH2 
 edge−CH+H (de)hydrogenation 2.36/0.59 1.92×104 /1.39×1011

28 edge−C2H 
 edge−C2+H (de)hydrogenation 1.57/1.08 2.22×107 /1.76×109

29 edge−C2H2 
 edge−C2H+H (de)hydrogenation 1.7/1.07 6.95×106 /1.93×109

30 C Ring (de)formation 2.29/0.54 3.59×104 /2.18×1011

31 C2 Ring (de)formation 2.29/0.54 3.59×104 /2.18×1011

32 C2 Rotation at edge 0.74 3.66×1010

Note: Reaction rates of CH4 and H2 gas adsorption depend on their pressure and the number of available sites on the
lattice (see Table 4 in the main body).

S3.2. The steady state time and concentration

As it is shown in Figures S7 and S8, about 2 × 10−3 s is required for the system to 
reach steady state, where the concentration of species fluctuates around a converged value 
of their moving average[12].
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Figure S7. Evolution of the moving average concentration of different species as a function of time
for samples S1 (a), S2 (b), S3 (c), and S4 (d) (see Table 1).

Figure S8. Evolution of the moving average concentration of different species as a function of time
for samples S5 (a), S6 (b), S7 c), and S8 (d) (see Table 1).
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Steady state concentration of species for all simulations are shown in Figure S9. The
influence of partial pressures on the concentration of species are discussed in the main text.

Figure S9. Species concentration profile for different CH4 and H2

partial pressures.

Since we discussed the spatio-temporal evolution of graphene growth for the sample
S1 in the main text, we provide the same analyses for other samples considered in this
study (see Table 1 in the main body) in Figures S10 to S16. We realized that for the samples
with the higher methane partial pressure, less time is needed to reach the similar flake
radius. For others, longer simulation time was required (see Table S3).
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Figure S10. Spatio-temporal evolution of graphene growth for PCH4 = 10 and PH2 =
0.001 Torr (sample S2).

Figure S11. Spatio-temporal evolution of graphene growth for PCH4 = 60 and PH2 =
0.01 Torr (sample S3).
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Figure S12. Spatio-temporal evolution of graphene growth for PCH4 = 30 and PH2 =
0.01 Torr (sample S4).

Figure S13. Spatio-temporal evolution of graphene growth for PCH4 =10 and PH2 =
0.005 Torr (sample S5).
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Figure S14. Spatio-temporal evolution of graphene growth for PCH4 = 10 and PH2 =
0.01 Torr (sample S6).

Figure S15. Spatio-temporal evolution of graphene growth for PCH4 = 10 and PH2 =
0.05 Torr (sample S7).
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Figure S16. Spatio-temporal evolution of graphene growth for PCH4 = 10 and PH2 =
0.08 Torr (sample S8).

Table S3. Summary on the mean radius (Rmean) and simulated
time for all samples.

Sample PCH4 (Torr) PH2 (Torr) Rmean (nm) time (s)
S1 100 0.01 38.23 0.157
S2 10 0.001 25.95 1.018
S3 60 0.01 30.53 0.2
S4 30 0.01 22.87 0.302
S5 10 0.005 17.29 0.709
S6 10 0.01 12.40 0.523
S7 10 0.05 3.85 0.184
S8 10 0.08 2.86 0.131
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Figure S17. Occurrence map of elementary reactions involved in the graphene growth process on
Cu(111) at p(CH4) = 100 Torr, p(H2) = 0.01 Torr, and T = 1300 K (sample S1, see Table 1). The
map summarizes net contributions (per second) of the most relevant events in the KMC simulation
for 0.138 s. Blue and green circles indicate free species on the lattice. Green highlighted regions
represent attachment of species to the flake edges, while brown highlighted region shows the hexagon
formation via ring closure reactions on the edges. H2 dissociative adsorption and desorption, as
well as diffusion of species, are not shown here. Gas phase species are marked with a ”g”. The
possible conversions are shown as the arrows in the direction of the net contribution (forward minus
backward occurrences) . The numbers on arrows are the net contribution per second.
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Figure S18. Occurrence frequency of a the first 28 reactions in Table S2 (i.e. reaction occurrence per
the whole number of reactions) for all samples simulated (listed in Table 1 and Table S3).
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Figure S19. Occurrence frequency of reaction number 29 to 55 in Table S2 (i.e. reaction occurrence
per the whole number of reactions) for all samples.



S17 of S21

Figure S20. Net occurrence of reactions per second for all samples. Numbers are considered positive
in the dominant direction of reactions.

S3.3. Correlation of the growth rate and the ratio of partial pressure
As we mentioned in the main text, increasing the CH4 partial pressure leads to larger 

flakes s ize. This means there will be less free adsorption sites available with time that 
results in a decrease in the growth rate during graphene growth. In Figure S21 the time-
dependence of the growth rate for methane partial pressure samples is shown.
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Figure S21. Time series of graphene growth rate for different CH4 partial pressures. The change of
the flake growth rate for samples S1 (100 Torr), S3 (60 Torr), S4 (30 Torr) and S6 (10 Torr) are shown
with the red, orange, green and olive color, respectively.

For all samples calculated in KMC simulations, the ratio of partial pressures was
defined as Rp = PH2/PCH4 . Figure S22 shows the changes of growth rate and flake radius
for all samples. We observed that for sample with low Rp, while the partial pressure of
methane is high (samples S1, S3, S4), the radius and growth rate are higher. This means
these samples required less time to reach the same flake size in comparison to the other
samples.

Figure S22. The correlation between the graphene growth rate and the ratio of the
partial pressure of CH4 and H2. The correlation between the flake radius is given in

the inset.
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S3.4. Surface roughness

Considering the surface as a 100×100 nm2 lattice (while graphene flake grows from
the left side of the lattice), we defined the radius (Ri) as the distance of each outer edge
point from the vertical axis at the left hand side (see Figure S23). Then, we calculated the
mean radius (Rmean) as the average radius over the evaluation length (L) and defined the 
average roughness parameter (Ra) as the deviation of Ri from the mean radius (Rmean) over 
the vertical axis (the evaluation length, (L)) as:

Ra =
1
L

L

∑
n=1
|Ri − Rmean|. (S6)

The root mean square roughness (Rq) was defined as the root-mean-square of the deviation
of Ri from the mean radius (Rmean) over the evaluation length, (L) as:

Rq =

√√√√ 1
L

L

∑
n=1

(Ri − Rmean)2. (S7)

Figure S23. Schematic representation of the surface with a flake (in red), where the
radius, Ri, mean radius Rmean, and evaluation length, L are shown.

S4. Comparison with previous models
The model developed in this study uses the first principle calculations and KMC 

simulations to study graphene growth under different partial pressures of CH4 and H2 as 
precursors (sample from Table 1). We consider a list of 55 reactions representing reactions 
of carbon-containing species on graphene and ring closure reactions (see Table S2). All 
simulations performed on 100×100 nm2 honeycomb lattice with 388206 sites at T=1300
K. The largest size of the graphene flake simulated (grown) is up to 40 nm (4293 Million
simulation steps), obtained in 0.157 s for the sample S1 with PCH4 =100, and PH2 =0.01 
Torr. Table S4 summarizes other DFT+KMC models developed for graphene growth in
comparison to the multiscale model reported in the present study.
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Table S4. The comparison of the present model with other DFT+KMC theoretical models for graphene growth.

DFT details KMC details Simulated conditions Graphene size and time Other differences Reference

PW-DFT1, BEEF-vdW2,
PBE-D33, 450 eV, NEB4 for

transition state (TS), 3 × 3 and
10 × 3 slab, 55 reactions

Rejection-free KMC
algorithm, random

redistribution for surface
diffusion reactions, 100×100
nm2 honeycomb lattice with

388206 adsorption sites

1300 K, 10-100 Torr and
10−3-8×10−2 Torr as partial

pressures of CH4 and H2,
initial flake as a ribbon at left,
CH4 and CxHx for deposition

Up to 40 nm graphene flake
at 0.157 s simulation time

Includes: subsurface
processes, ring closure

reactions, (de)hydrogenation
reactions, no nucleation

Present work

PW-DFT, PBE-D25, 400 eV,
climbing image NEB for TS,

4-layer slab, 44 reactions

Rejection-free KMC
simulation, MFA6 for
hydrogenation and

dehydrogenation reactions
(free species), rectangular

500×500 lattice

1300 K, an initial 200×200
size graphene flake, 1-103

Torr and 10−3-1 Torr as
partial pressures of CH4 and

H2

Not available

No ring closure reactions,
lattice with specific

neighboring rule, study the
effects of C3Hx, edge

structure evolution, and local
environment

Ref.[1]

PW-DFT, PBE (dispersion
correction is not available),

400 eV, climbing image NEB
for TS, 4-layer slab, 28

reactions

Gillespie algorithm,
hexagonal lattice with 20000

sites (213×246 Å2)

870 - 1273 K, an initial
circular nucleus of graphene
domain (diameter of 4 nm),

deposition of carbon atoms as
the growth source, deposition

flux 0.1-10 MLs−1

Flakes sizes up to 90%
coverage of the simulation
box (213×246 Å2), up to 4
seconds simulation time,

different graphene
mythologies: hexagonal,

fractal (incl. six-fold
symmetry shapes) and

circular

No nucleation, limited list of
reactions consists of carbon

and its dimer reactions,
morphology evolution of

flakes based on the carbon
deposition flux and

temperature

Ref.[11]

PW-DFT, PBE (dispersion
correction is not available),

420 eV, 9-monolayer
substrate, activation energies
of carbon diffusion events on

Cu(111), 12 reactions

Rejection-free KMC
algorithm adopted from

NASCAM code[13],
honeycomb lattice with 12800

sites

1273 K, deposition of carbon
atoms as the growth source,

deposition flux 10−3-105

MLs−1

Flakes coverage up to 80% of
the simulation box, up to 15 s

simulation time

Limited list of reactions due
to considering reactions of C

monomer and its dimer,
effects of the deposition flux
on island edges and flakes

morphology

Ref.[14]

PW-DFT, PBE-D2, Ecuto f f is
not available, 3-layers
substrate, 14 reactions

Rejection free KMC
algorithm, hexagonal lattice

An initial graphene flake
made of hexagons, simulation

time in unit of t0 = h/KBT

Up to 10 µm flake sizes, up to
5×1010 t0 simulation time

Reaction list consists of
adding/removing hexagons.
Study the growth and etching

processes on Pt(111)

Ref.[15]

1 Plane-Wave Density Functional Theory.
2 Bayesian Error Estimation Functional with van der Waals.
3 Perdew-Burke-Ernzerhof functional with D3 dispersion correction.
4 Nudged Elastic Band.
5 Perdew-Burke-Ernzerhof with D2 dispersion correction.
6 Mean-field approximation.
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