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Epitaxial nucleation of CVD bilayer graphene on copper

Experimental study and first-principles calculations of the chemical
vapor deposition (CVD) nucleation process for Bernal-stacked
bilayer graphene (BLG) growth on copper using ethanol precursor
demonstrate that a carefully adjusted flow rate of ethanol yields a
uniform BLG film with a surface coverage of nearly 90% and Bernal-
stacking ratio of nearly 100% on ordinary flat copper substrates.
Also, the epitaxial nucleation of the second layer is mainly due

to the active CH, radicals decomposed from ethanol with the
presence of the monolayer-graphene-covered copper surface.
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Epitaxial nucleation of CVD bilayer graphene on
coppery
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Pei Zhao,*® Feng Ding*” and Hongtao Wang*®

Bilayer graphene (BLG) has emerged as a promising candidate for next-generation electronic applications,
especially when it exists in the Bernal-stacked form, but its large-scale production remains a challenge.
Here we present an experimental and first-principles calculation study of the epitaxial chemical vapor
deposition (CVD) nucleation process for Bernal-stacked BLG growth on Cu using ethanol as a precursor.
Results show that a carefully adjusted flow rate of ethanol can yield a uniform BLG film with a surface cov-
erage of nearly 90% and a Bernal-stacking ratio of nearly 100% on ordinary flat Cu substrates, and its epi-
taxial nucleation of the second layer is mainly due to the active CHsz radicals with the presence of a
monolayer-graphene-covered Cu surface. We believe that this nucleation mechanism will help clarify the
formation of BLG by the epitaxial CVD process, and lead to many new strategies for scalable synthesis of
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Introduction

Bilayer graphene (BLG), a two-dimensional material consisting
of two atomic layers of carbon honeycomb lattices, has
emerged as a promising candidate for next-generation elec-
tronic applications, especially when it exists in the Bernal-
(AB-) stacked form, due to the fact that a bandgap of
~250 meV can be developed near its Dirac points by applying a
vertical electric field across the two layers."”> However, by far
the large-scale production of Bernal-stacked bilayer graphene
remains a challenge. Although in the past few years there have
been many exciting achievements in the synthesis of large-size
and high-quality monolayer graphene (MLG) using the chemi-
cal vapor deposition (CVD) method on Cu substrates,* devel-
oping a practical and scalable method to obtain Bernal-
stacked BLG is still a hot pursuit for future applications.

“Institute of Applied Mechanics and Key Laboratory of Soft Machines and Smart
Devices of Zhejiang Province, Zhejiang University, Hangzhou 310012, P. R. China.
E-mail: peizhao@zju.edu.cn, htw@zju.edu.cn

bInstitute of Textiles and Clothing, Hong Kong Polytechnic University, Kowloon,
Hong Kong, China. E-mail: feng.ding@polyu.edu.hk

‘Department of Physics, Zhejiang University, Hangzhou 310012, P. R. China
“Department of Mechanical Engineering, The University of Tokyo, Bunkyo-ku,
Tokyo 113-8656, Japan

“Institute of Microelectronics, Chinese Academy of Science, Beijing 100029,

P. R. China

tElectronic supplementary information (ESI) available: Supplementary figures.
See DOI: 10.1039/c6nr04557j

This journal is © The Royal Society of Chemistry 2016

graphene with more controllable structures and numbers of layers.

Previous reports have shown that the CVD synthesis of BLG
on Cu is possible if more active carbon precursors or designed
CVD processes are adopted,®™® and the key point of these
modifications to ordinary CVD is to overcome the self-limiting
nature of MLG on Cu. Usually, the second layer of BLG grows
underneath the first-grown layer with shared nucleation sites,
especially when methane is used as the carbon precursor, as
evidenced from the isotope-labeling results,'®"" therefore the
growth of these second nuclei will be strongly restricted and
stopped by the expansion of their covered first layer. Moreover,
because the nucleation of graphene grains is a super-satur-
ation process of carbon on the defective Cu surface, BLG
growth from below also suggests a possible non-Bernal-stack-
ing between the two graphene layers."" On the other hand,
several reports also demonstrated a layer-by-layer epitaxial
growth of BLG by CVD,"””"® which has gradually become a
topic of significant interest. Epitaxial CVD growth can yield
relatively more uniform BLG with a high surface coverage and
Bernal-stacking ratio, usually nearly 100%. During this growth,
the second graphene layer grows on top of the first layer, and
it is generally believed that the van der Waals (vdWs) force
plays an important role in forming this high Bernal-stacking
ratio.”**® However, many crucial aspects of the epitaxial CVD
growth of BLG are still not fully understood and require
additional investigation, among which the most important
and fundamental one is the nucleation process of the second
graphene layer on the formed first layer, i.e., how the new gra-
phene layer nucleates on top on the formed graphene in the
absence of a direct contact with the catalytic Cu surface.
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To this end, we present an experimental and first-principles
calculation study of the epitaxial CVD nucleation process for
Bernal-stacked BLG growth on Cu using ethanol as the precur-
sor. Results show that a carefully adjusted flow rate of ethanol
can yield a uniform BLG film with a surface coverage of nearly
90% and a Bernal-stacking ratio of nearly 100% on ordinary
flat Cu substrates, and its epitaxial nucleation of the second
layer is mainly due to the active CH; radicals with the presence
of a MLG-covered Cu surface. We believe that this nucleation
mechanism will help clarify the formation of BLG by the epi-
taxial CVD process, and lead to many new strategies for scal-
able synthesis of graphene with more controllable structures
and numbers of layers.

Results and discussion

Zhao et al. have previously reported that the growth of Bernal-
stacked BLG is an equilibrium process using ethanol as the
carbon precusor,'® but they used a folded Cu enclosure as the
growth substrate, and uniform BLG was only obtained on the
inside surface of the enclosure. This special substrate structure
makes it difficult not only for the scaling-up synthesis, but
also for the understanding of a more detailed growth mechan-
ism. In our approach, we chose the ethanol-based CVD system
to grow BLG but attempted to reproduce its results on flat
Cu, which as we show later will largely help understand its
nucleation mechanism. Moreover, a flat Cu foil significantly
enlarges the size of a BLG film that can be grown in the CVD
furnace when it is rolled up into a cylinder. As shown in the
schematic image of the CVD system in Fig. S1 in the ESL,{ we
used the release valve of Ar gas to control its pressure to
0.5 atm. On the other hand, the ethanol tank was maintained
at 19 °C, which resulted in a saturated vapor pressure of
0.53 kPa for ethanol. Therefore, the pressure ratio between Ar
and ethanol was approximately 10:1, and this ratio provided
the detailed ethanol partial pressures that were used in the
CVD experiments. Moreover, Ar also behaved as the carrying
and diluting gas for ethanol in the experiments. The uniform
and scalable BLG film was obtained on flat Cu foil under
optimal conditions (20 sccm Ar/ethanol, 3 hour growth, partial
pressure of ethanol is ~3 Pa), as shown in Fig. 1a. Fig. 1b
shows a typical optical microscopy (OM) image of the BLG film
after being transferred onto a Si substrate with a 300 nm SiO,
layer, and the sample uniformity can be evaluated by its color
contrast. No areas with different contrasts are apparent, indi-
cating that the layer number is uniform. The scanning electron
microscopy (SEM) image in Fig. 1c also demonstrates the uni-
formity of the as-grown graphene on the Cu foil. The layer
number of the graphene film is confirmed by Raman spec-
troscopy, as shown by the representative Raman spectra in
Fig. 1d, which all show features of Bernal-stacked BLG such as
a 2D-band (~2690 cm™') to G-band (~1582 cm™") intensity
ratio (I,p/Ig) of ~1, and an asymmetric 2D-band with a full
width at half-maximum (FWHM) value of ~45-60 cm™'."°
Fig. 1le shows the select area electron diffraction (SAED)

20002 | Nanoscale, 2016, 8, 20001-20007

View Article Online

Nanoscale

PMMA
residue

2D

Intensity (a.u.)

1200 1500 1800 2100 2400 217'00 3000
Raman shift (cm™)

(

Intensity (a.u.) b

P E—
0 16 20

4 8 12
Distance (1/nm)

Fig. 1 (a) Photograph of a Cu foil after the CVD growth of BLG under
optimal conditions for 3 hours. (b) OM image of a BLG film on a Si sub-
strate with a 300 nm SiO; layer. (c) SEM image of the as-grown BLG film
on a Cu foil. (d) Typical Raman spectra of BLG measured from four
random spots in (b). () SAED pattern of a BLG domain, which shows a
clear 6-fold symmetry. (f) Spot intensities in the white box in (e).

pattern of a BLG domain using transmission electron micro-
copy (TEM), and only a single set of 6-fold symmetric diffrac-
tion spots is observed. The corresponding spot intensities in
Fig. 1f clearly demonstrate the Bernal-stacking structure of the
BLG samples.'?

The uniformity of these BLG samples can be further evalu-
ated by the Raman contour maps of their I, Ip/lg, FWHM of
the 2D-band, and the D-band to G-band intensity ratio (Ip/lg),
as shown in Fig. 2a-d, respectively. These Raman spectra were
collected over a 4500 pm” with 30 x 30 scanning points. We
chose the range of Raman /I from 0.7 to 1.3 and the FWHM
of the 2D-band from 45 to 60 cm™" to evaluate Bernal-stacked
BLG quality.">"” The coverage of Bernal-stacked BLG, MLG and
few-layer graphene (FLG) was determined to be ~89%, ~8% and
~3%, respectively, and no Raman features from twisted
BLG were observed.'® Fig. 2f shows the Raman spectra that are
representative of MLG, BLG and FLG in the BLG sample.

We interrupted the CVD process to obtain more infor-
mation of the growth, by stopping the Ar/ethanol flow after
different growth periods. The SEM images of these results are
presented in Fig. 3a. The flow rate of Ar/ethanol is maintained
at 20 sccm, and the corresponding partial pressure of ethanol
is ~3 Pa. After 3 min, many MLG islands are found to nucleate
on the Cu surface, with typical sizes smaller than 5 pm. Most
of these islands coalesce to achieve a coverage of ~70% of the

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Scanning Raman maps of ethanol-derived BLG on flat Cu for (a) Ig; (b) I>p/lg; (c) FWHM of the 2D-band; (d) Ip/lg. Scale bars in (a—d): 10 pm.
(e) Corresponding pie chart of graphene coverage for BLG, MLG, and FLG in the BLG film. (f) Raman spectra representative of MLG, BLG and FLG,
measured from the regions indicated by red, blue, and black arrows in (a), respectively.
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Fig. 3 (a) SEM images of BLG growth using a partial pressure of ethanol
at 3 Pa with different growth periods of 3, 30, 60 and 180 min. (b) SEM
images of graphene growth using different Ar/ethanol flow rates and the
same growth time of 180 min, and the corresponding ethanol partial
pressures are 0.5, 1.5, 5 and 15 Pa. Scale bars in (a) and (b): 5 pm.

Cu surface. After 30 min, MLG is completely formed and no
unfilled gaps between islands are observed. The self-limiting
growth stage of this MLG is maintained for a short time and

This journal is © The Royal Society of Chemistry 2016

the nucleation of the second graphene layer starts soon. After
60 min, many new graphene islands appear and coalesce to
form the second layer, with a total coverage of over 50% of the
whole Cu/MLG surface. Moreover, it is visible that the gra-
phene grain size of the secondly grown layer from ethanol is
approximately 1 to 3 pm, significantly smaller than that from
methane with equivalent pressure. The growth rate of the
second layer is significantly reduced after 60 min and a con-
tinuous second layer is finally completed after 3 hours and
achieves an equilibrium state (Fig. S2 in the ESI}).

Ethanol can affect the BLG growth on flat Cu in a more
straightforward way, therefore it is necessary to investigate the
relationship between the ethanol flow and the yield, as shown
in Fig. 3b. Apparently, an appropriate partial pressure of
ethanol is critical to obtain the best quality of BLG. When the
partial pressure of ethanol is low, it yields MLG with unfilled
gaps and randomly distributed BLG flakes, or a non-uniform
graphene film with a discontinuous second layer. On the other
hand, when the partial pressure of ethanol is high, graphene
islands with more layers easily nucleate and expand, and
finally yields a graphene film with more layers.

The previous BLG growth from ethanol has demonstrated
that the growth follows a layer-by-layer epitaxy, in which the
second layer grows atop the first one."> Although it uses Cu
enclosures instead of flat Cu foils, we believe that this differ-
ence will not change this epitaxial growth mode. In the typical
“growth-from-below” model, after the first graphene layer is
completed, the catalytically active Cu surface and the diffusion
channels from the graphene grain edges to below the grains
both disappear, making it prohibitive to expand the graphene
layers that are below the first layer.® The epitaxial growth mode
of BLG in our experiments can also be confirmed by its time-
dependent SEM images in Fig. 3, which clearly show that the

Nanoscale, 2016, 8, 20001-20007 | 20003
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grains of the second graphene layer start to form after the full
coalescence of the first layer, and keep expanding with a pro-
longed CVD time.

To reveal the nucleation mechanism of the epitaxial CVD
growth of BLG on Cu, we performed a theoretical study using
first-principles calculations. The calculations are based on the
fact that the Cu surface can maintain its influence on graphene
nucleation even after it is fully covered by a layer of graphene,
evident from the experimental results that no second graphene
layers can be grown on transferred MLG/SiO,/Si substrates in an
equivalent CVD environment (Fig. S3 in the ESIf). We use the
basic forms of carbon radicals CH; (i = 0, 1, 2, 3) as possible
fundamental bricks for the nucleation of a new graphene layer,
together with the Cu(111) surface and the formed graphene
layer(s) as the studied system. More detailed geometries of these
systems are shown in Fig. S4 in the ESL{ The relative binding
strength of these CH; radicals on the Cu(111)/graphene surfaces
can be presented in terms of their binding energy £y,

Eb - Esub + ECH, - Esys (1)

where Egpb, Ecu, and Eg, are the energies of the Cu(111)/gra-
phene substrate, the CH; species, and the whole system,
respectively. The total energy and binding energy data of Eqyp,
Ecu, Esys, and Ey, for these CH; on Cu(111)/graphene systems
are summarized in Tables S1 and S2 in the ESI,{ respectively.
During the nucleation process, a strong binding energy
between the CH; species and the substrate is needed. The cal-
culation results demonstrate that the interactions between CH;
and all Cu(111)/graphene substrates are in the form of chemi-
cal bonding, as shown in Fig. 4. For MLG nucleation on the
Cu(111) surface, only radicals with a relatively stronger
binding energy (E, > 3.0 eV) contribute to the growth of the
first graphene layer, as mentioned in our previous report.'® For
BLG nucleation, radicals of C, CH and CH, exhibit higher
binding energies on Cu(111)/BLG than on Cu(111)/MLG

(@ cC (b) CH (€) CH2 (d) CHs
5.34 eV 5.37 eV 3.41 eV 1.81 eV
MLG nucleation -
1.84 eV 1.07 eV

*‘

2.54 eV 2.45eV

TLG nucleation oo-co&-oo- -wninu- u-wxnu-
(OnCuBLG) | ____ e
)& )& . .8 e

Fig. 4 Adsorption configurations and binding energies of (a) C
monomer, (b) CH, (c) CH;, and (d) CH3 on top of the Cu surface, the Cu
surface with MLG, and the Cu surface with BLG. Only the binding ener-

gies of CH3 radicals are suitable for epitaxial nucleation of the second
graphene layer.

l 1.73 eV
BLG nucleation
(On Cu/MLG)
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(Fig. 4a-c), indicating that once a second graphene layer is
nucleated, these radicals prefer to immediately nucleate a
third layer on top of it. On the other hand, the CH; radicals
have a binding energy of ~1.07 eV on Cu(111)/MLG and a
binding energy of ~0.34 eV on Cu(111)/BLG (Fig. 4d), and this
weakened binding strength makes it possible for the CH; radi-
cals to be adsorbed on a Cu/MLG surface and nucleate only
the second layer but not together with the third one. What the
above calculations highlight is the binding energy differences
for different radicals on different substrates, aiming to identify
the most active radicals that facilitate the growth process.
Moreover, since one radical is small in size compared to the
defective sites that are capable of nucleation, such as the grain
boundary, step or edge, we believe that the bonding behavior
of radicals should be similar to that on the flat Cu substrate.

This scenario of CHz-assisted nucleation is consistent with
the reports of Wassei et al.'> and Yan et al.™® in which they
both proposed that alkyl radicals are the main contributors to
the epitaxial nucleation of a new graphene layer. This adsorp-
tion process of CH; radicals on the first graphene layer can
also be assisted by a trapping mediated process,*® in which a
scattered CH; radical can be trapped at the basal plane of the
graphite surface for a short time at the environmental temp-
erature much higher than its desorption temperature. This has
been experimentally demonstrated by a Li-induced CH;Cl dis-
sociative reaction with graphite.>" We believe that this nuclea-
tion mechanism can also be further extended to other epitaxial
CVD growth systems for BLG.

The above discussion is based on the assumption that the
metal substrate is dominated by the Cu(111) facet.
Theoretically, the top layer atomic packing on a Cu(111) facet
has a Ce, symmetry,”® the same as graphene and therefore
allows a highly orientated graphene synthesis. In the above
BLG growth experiments, most graphene first layer domains
are in the six-fold symmetry and therefore we believe that the
substrate is dominated by Cu(111) facets. Moreover, because
we are considering the growth of the second graphene layer on
the top of the first one, the effect of the type of Cu facet must
be minor. Therefore, we believe the main conclusion of this
study can also be applied to other Cu facets.

Similar to ethanol, its thermal decomposition at high temp-
eratures is not well understood yet. Ethanol may decompose
via many energetically accessible product channels.
Considering the bond energies of C-O and C-C, the following
two reactions:

C2H5OH — C2H4 + H20 (2)

are expected to be the dominant channels.”**® Particularly,
channel reaction (3) is a barrierless path. We calculated the
thermal decomposition products of ethanol under our equi-
valent experimental conditions using the CHEMKIN-II soft-
ware package, and show its time-dependent gas composition
of ethanol in Fig. S5 in the ESL{ Approximately 97% of
ethanol decomposes after 1 s, with various decomposition pro-

This journal is © The Royal Society of Chemistry 2016
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ducts of C,H,, C,H,, CH;, CH,O0, etc. Considering that radicals
are much more active in graphene growth reactions than mole-
cules, among all types of radicals CH; shows a molar fraction
of ~0.26%, two and four orders of magnitude higher than
those of CH, and CH, respectively, as shown in Fig. 5a. On the
other hand, the thermal decomposition of methane is negli-
gible at 1000 °C and can hardly generate any CH; radicals for
graphene growth (molar fractions: CH; ~ 10~%, CH, ~ 107",
CH ~ 107%®). This is also consistent with the self-limiting
growth behavior for MLG when methane is used.

For other alkanes that can also thermally decompose with
CH; radicals such as C,Hg, Wassei et al. have shown that BLG
with a coverage of up to 49% can be obtained. A previous
report has shown that graphene layers can form on HOPG by
CH; radicals depending on the defects, and the largest stick-
ing probability of 107® was observed when the HOPG surfaces
are prestructured with nanometer-sized etch pits.*> Compared
with C,Hg, due to the decomposed products of H,, H,O, and/
or other OH contained radicals, C,HsOH induces etching and
regrowth sites in the firstly grown graphene layer,'> which may
also simultaneously behave as more possible CH; nucleation
sites. This increases the nucleation probability of the new gra-
phene layer, and results in a higher coverage of BLG.
Moreover, besides generating CH; nucleation sites, the OH
radicals also play an important role in accelerating the growth
by lowering the energy barrier of carbon adatoms.’

We further consider the stability of each CH; radical on a
Cu/MLG surface. Fig. 5b shows the relative Gibbs free energies
of species of each CH; radical on Cu(111)/MLG as a function of
the chemical potential of H (uy). It is found that the stability
of CH; highly depends on uy, and CH; is the dominating
species in the regime of yy; > —1.24 eV. In our experiments, no
H, is used and py mainly depends on the thermally decom-
posed H from ethanol. However, because the final decompo-
sition products of ethanol usually react with H atoms,*>® H
atoms can hardly be generated in all ethanol decomposition
channels and its chemical potential is close to 0, which prefers
the nucleation of the second graphene layer by CH; radicals.

Based on this, we propose the nucleation mechanism of
ethanol-based epitaxial CVD growth for BLG on Cu in Fig. 6.
For the MLG, ethanol behaves similarly as methane,*® and the
C, CH, and CH, radicals catalyzed from ethanol by Cu contrib-

(a) Phass seuss swees aeww o (b) 6p experimental —
4
r L C
- 102§ C2HsOH 5
S I CHs (C2HsOH) _4f
g 10° CH: S eH
o o3
w -
= S 2 CH:2
% <
2 1 CHs
of
0 0.2 0.4 0.6 0.8 1.0 -2.0 -1.5 -1.0 -0.5 0.0

Time (s) Uy (eV)

Fig. 5 (a) Decomposition products of CH; radicals from C,HsOH and
CH,4 at 1000 °C, calculated by CHEMKIN-II. (b) The relative Gibbs free
energies of species of each CH; radical on Cu(111)/MLG as a function of
the chemical potential of H.
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Fig. 6 Schematic of the possible mechanism for epitaxial CVD growth
of BLG on Cu using ethanol as the carbon precursor.

ute the most to its nucleation and growth. After the MLG for-
mation, the absence of a direct contact between ethanol and Cu
makes it difficult to generate radicals of C, CH and CH,, whose
binding energies do not match the nucleation of only BLG as
well. On the other hand, CH; radicals play a crucial role in
nucleating the second graphene layer, not only because it is a
product of thermally decomposed ethanol, but also because of
its suitable binding energies on Cu/MLG and Cu/BLG.

Finally, it needs to be emphasized that after the grain
nucleation of the second graphene layer by CH; radicals, the
following carbon deposition process remains unclear.
Although the C-H dissociation energy is calculated to be
480 kJ mol™',*" which makes it impossible for the direct dis-
sociation of another C-H bond in the nucleated CH; radical,
the actual energy barrier for CH; and H exchange is consider-
ably lower and accessible at reaction temperatures.>” Moreover,
the OH radicals may also play some role in lowering the acti-
vation energy of the edge dehydrogenation, similar to that in
an oxygen-assisted CVD growth for the centimeter-scale gra-
phene single crystals.’

Conclusion

In conclusion, we demonstrate an experimental and first-prin-
ciples calculation study of the epitaxial CVD growth for Bernal-
stacked BLG on Cu using ethanol. The surface coverage of BLG
in the sample is nearly 90% and the Bernal-stacking ratio is
nearly 100%. Under an equilibrium CVD environment, the BLG
growth exhibits two self-limiting processes for the two graphene
layers but with significantly different growth rates. First-prin-
ciples calculation results show that the epitaxial nucleation of
the second graphene layer is mainly due to the active CH; radi-
cals and the Cu substrate with a covered graphene layer. We
believe that we have uncovered a new territory in the CVD
nucleation mechanism of epitaxial graphene growth, and hope
that this understanding will bring the advent of CVD graphene
growth with more precise control of radicals in the future.

Experimental section
BLG synthesis

BLG was synthesized by low-pressure CVD using bubbled
ethanol. Commercially available Cu foil (25 pm thick, #46365,

Nanoscale, 2016, 8, 20001-20007 | 20005
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Alfa Aesar China Chemical Co., Ltd) was used as received. A
flat Cu foil was placed in a hot-wall CVD quartz chamber (i.d.
= 60 mm), and annealed at 1000 °C for 30 minutes with
100 sccm H,, followed by introducing a 20 scem Ar/ethanol
mixture gas. H, was stopped at the growth step of graphene.
After growth, the chamber was slowly cooled to room tempera-

ture at a rate of 10-20 °C min™".

Graphene transfer

BLG film on copper was firstly coated with polymethyl-
methacrylate (PMMA, 4 wt% in anisole) by the spin-coating
method, and baked on a hotplate at 140 °C for 30 min. The
graphene film on the other side of the Cu foil was treated by
O, plasma (100 W) for 30 s. The Cu substrate was then etched
away in 1 M FeCl; solution and the PMMA/graphene film
was rinsed in DI water 3 times and transferred onto the Si/SiO,
substrate. Finally, the PMMA layer was removed by hot
acetone.

Characterization

Characterization of as-grown and transferred BLG was carried
out by optical microscopy (Olympus BXFM-ILHS, Olympus Co.,
Ltd), scanning electron microscopy (SEM, 5 kV, S-3400, Hitachi
Co., Ltd), confocal micro-Raman spectroscopy (LabRAM HR
Evolution, Horiba Co., Ltd), and transmission electron
microscopy (JEM-2100, JEOL Co., Ltd).

First-principles calculations

The first-principles calculations are performed with the
density-functional theory approach as implemented by the
Vienna ab initio Simulation Package (VASP).>*** The exchange-
correlation energy is treated in the Perdew-Burke-Ernzerhof
(PBE) version of the generalized-gradient approximation (GGA)
functional.®>*® In order to accurately describe the vdWs
between a CH; (i = 0, 1, 2, 3) radical and the Cu surface, the
PBE functional with the vdWs correction (DFT-D3)*” has also
been used. The energy cutoff of the plane-wave expansion
is set at 400 eV. All structures are optimized by the conjugate
gradient method until the forces acting on each atom are less
than 0.01 eV A™". Cu(111) surfaces are modelled using slab
geometry with four metal atomic layers in which the bottom-
layer atoms are fixed at their respective bulk positions. For the
geometry optimization, all atoms except for the fixed bottom-
layer atoms are fully relaxed and then various CH; species are
put on the metal substrate surface for further optimization.

Ethanol decomposition simulation

Simulation of ethanol decomposition was performed using
SENKIN,*®?° a computer program that predicts the time-
dependent chemical-kinetic behaviour of a homogeneous gas
mixture in a closed system. This has been incorporated into
CHEMKIN-IL,*® which is a package of computer codes for the
analysis of gas-phase chemical kinetics. Constant-temperature
and constant-pressure conditions were chosen for the calcu-
lations using temperatures and pressures that had been experi-
mentally found to be optimum for BLG growth.
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