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ABSTRACT: We report a combined experimental and computational study of the kinetics of
graphene growth during chemical vapor deposition on a liquid copper catalyst. The use of liquid
metal catalysts offers bright perspectives for controllable large-scale, high-quality synthesis
technologies of two-dimensional materials. We carried out a series of growth experiments varying
CHy-to-H> pressure ratios and deposition temperature. By monitoring the graphene flake
morphology in real time during growth using in sifu optical microscopy in radiation mode, we
explored the morphology and kinetics of the growth within a wide range of experimental
conditions. Following an analysis of the flakes’ growth rates, we conclude that the growth mode
was attachment-limited. The attachment and detachment activation energies of carbon species are
derived as 1.9 £ 0.3 eV and 2.0 £ 0.1 eV, respectively. We also conducted free-energy calculations
by a moment tensor potential trained to density functional theory data. Our simulations propose
that carbon dimers are most likely the active carbon species during growth, with attachment and
detachment barriers of 1.71 + 0.15 eV and 2.09 £+ 0.02 eV, respectively, being in good agreement

with the experimental results.



INTRODUCTION

Due to its outstanding electronic, optical, mechanical, and chemical properties, graphene (Gr) has
major potential for a new generation of products and devices in a wide range of applications. '
Since its isolation in 2004,° the research and implementation of graphene and other two-
dimensional (2D) materials boosted in the electronic, medicine, sensor, energy, and space
industries.** Chemical vapor deposition (CVD) is the state-of-art graphene production method.®®
However, as the standard CVD approach to graphene growth is based on the use of a solid catalyst
substrate, it suffers from limitations in large-scale fabrication of high-quality, continuous graphene
films. These solid substrates are often polycrystalline, displaying many grain boundaries, and have
large expansion coefficients, at variance with graphene. Since graphene tends to grow in epitaxy
on its substrate, the solid substrate morphology induces many defects (e.g. grain boundaries and
then wrinkles upon cooling to room temperature) in the grown graphene. Meanwhile, CVD on a
liquid substrate has a high potential for the advanced development of fast-growing, large-scale,
single-crystal graphene production with a reduced density of defects. As proven in recent studies,
the use of liquid metal catalysts largely improves the graphene quality thanks to the atomically
smooth and homogeneous substrate surface and the absence of crystalline ordering. The liquid
substrate thereby prevents epitaxial influence on the graphene flakes, promotes a reduced and
uniform nucleation density, fast mass-transfer and carbon adatom and dimer diffusion as well as
graphene flakes self-assembly.”'> Due to the high complexity of the growth mechanism governed
by kinetics and thermodynamics, optimization of the controlling factors and conditions can be still
quite challenging, especially when the growth mechanism is not well known, as is the case for
graphene on liquid substrates.

In the graphene CVD process, a substrate surface, usually a metal like Cu, Ni, Pt, Fe, Ir, etc., acts
as a catalyst for the decomposition of hydrocarbon precursor gas.'* Copper has proven to be the
best support for graphene due to its low solubility of carbon atoms and its low diffusion barrier,
which allows for obtaining relatively large-area single-layer graphene (tens of um) by the self-
terminating growth.'*'® The elementary processes taking place during the CVD growth of
graphene on either solid or liquid copper are schematically illustrated in Figure 1. The catalyst
substrate facilitates the chemisorption and dehydrogenation of precursor molecules such as
methane, ethylene, or other hydrocarbons, resulting in carbon species such as monomers, dimers,
etc.'” The low solubility of C in Cu causes the formation of 2D surface gas of diffusing C species
rather than diffusion into the bulk. The nucleation occurs when the concentration of carbon species
reaches a supersaturation level Cnyer. The nucleation can also be induced by the presence of impurity

nanoparticles acting as seeds.?’ Additional C species then attach to the initial nuclei, forming flakes



that grow in size (growth stage). Since the growth is a non-equilibrium process it continues until
the equilibrium concentration of carbon active species Ceq on the copper surface is reached and the
competing processes, i.e. attachment and detachment, are balanced. Besides the surface (intralayer)
diffusion, C species can also undergo interlayer diffusion when climbing up the graphene flake and
thus overcoming a step-edge energy barrier known as the Ehrlich—Schwoebel barrier.?! There is
also a continuing desorption of the precursor atoms/molecules from the surface which rate becomes

significant at high temperatures as the sublimation of the metal substrate starts playing a role.
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Figure 1. General illustration of the graphene CVD growth process on liquid Cu.

As just briefly discussed, CVD growth relies on a few elementary processes. While the
parameters (e.g. pre-exponential factors and activation energies) are relatively well known for solid

substrates,?> %

very little is known for liquid substrates, and the values e.g. of surface diffusion of
the different species, are expected to differ by orders of magnitude from those on solid surfaces.
Until recently, the studies carried out on graphene grown on liquid copper were based on ex situ
post-growth characterizations that entail a significant loss of information.?**” Thus, a detailed
understanding of the mechanisms and kinetics of graphene domains grown on liquid copper, which
is necessary for controlling the growth parameters and optimizing the synthesis of large-area single-
crystal graphene domains, is still lacking.

Here, we use in situ methods in real time to study experimentally the kinetics of the graphene
growth during CVD on liquid copper, and we combine these experiments with calculations.

Specifically, we use the multi-technique, multi-scale and real-time in sifu characterization of
high-quality single-layer graphene (SLG) growth by CVD on liquid metal catalyst (LMCat)
recently proposed by Jankowski et al.'? It was shown that the SLG flakes above 20 pm could be
visualized and monitored as a function of time by radiation-mode optical microscopy due to the

difference in emissivity between SLG and liquid copper at high temperatures (~ 1370 K).



One of the most common theoretical approaches for the description of thin-film growth is
molecular simulation.”® Here, we apply this method to investigate in situ the kinetics of the
graphene growth and the morphology evolution during CVD on liquid copper. We propose a
growth mechanism based on the investigated kinetics and support our findings using an enhanced
sampling method. Via involved free-energy surface calculations using enhanced sampling based
on a carefully trained machine-learning potential, we predict the activation energy for the proposed

rate-determining step, and we find a quantitative matching our experimental observations.
RESULTS AND DISCUSSION

Procedure and quality control. As mentioned above, graphene was grown on a customized CVD
reactor and the detailed experimental procedure is illustrated in Figure 2 and Movie 1. For
graphene, Cnel is known to be significantly higher than Ce.>’ Therefore, we first applied a high
CH4 partial pressure (Pcus/Pm2 between 1.81-2.72x102) to facilitate flake nucleation and
accelerate the growth of the first flakes, then we monitor the flakes' evolution for a few minutes
until their coalescence. Then we turned off the methane flow to initiate the etching of the flakes in
the Hy/Ar atmosphere (Pcus/Pr2 = 0). As soon as only a few tiny islands were left on the surface,
we changed the methane flow to an intermediate partial pressure value (e.g. Pcua/Pra = 1.27x107
in Figure 2), and the growth process was carefully followed and analyzed. Note, that in the regime
of medium flows (0.54 < Pcua/Pi2 < 1.81x10?) continuous nucleation still occurs, although its
density and rate are reduced. In order to cover a broad growth rate range, the cycle of etching and
regrowth at different Pcnsa/Pr2 was repeated several times for all five temperatures. For each image
frame, the averaged flake area A, the diameter or the long diagonal (for the irregular shapes), the
circumference L, and the circularity of the flakes were extracted.

Quality control of graphene samples that were grown on liquid Cu has been performed via Raman
spectroscopy after a wet transfer on Si/SiO, wafers. The growth of monolayer graphene is
confirmed by Raman spectra through the lop//G ratio. The corresponding analysis is provided in the

Supporting Information (SI), Figures S1-S3.
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Figure 2. Top: Experimental steps of CVD graphene growth on liquid Cu at T = 1368—1456 K: (a)
initial nucleation and growth of flakes at a high partial CH4 pressure (Pcus/Pu2 between
1.81-2.72x102); (b) etching (Pcna/Prz = 0); (c) and (d) regrowth with a lower flow of methane
(here, Pcna/Pra = 1.27x1072). The time is set to 0 s when the methane valve is opened for the first
time. See also Movie 1. Bottom: (e) Time evolution of the gas pressure ratio corresponding to the

images (a)-(d).

Flake morphology. First, we visually examined the variation of the growing flake morphology
and found it to be dependent on growth time and pressure. The observed morphological behaviors
can be roughly categorized into five modes depending on the ratio between methane and hydrogen
pressures Pcua/Pr> (Figure 3). The quantitative illustration of the shape evolution with the flake
size for different pressure ranges can be found in the SI (Figures S4, S5). We note, that we do not
see any prominent impact of the temperature on the morphology within the accessible range of T
(~ 100 degrees) but rather on the growth and etching rates as will be shown in the following

subsection.
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Figure 3. Radiation-mode optical microscopy images for different methane/hydrogen partial
pressure ratios. The images in one row are not necessarily from the same growth experiment but
present examples of the typical morphologies. Zero time is the moment when the methane flow is
set to the indicated value. The green and red colors indicate the difference between the edges with

a high and low accessibility for C adatoms.

For the highest CH4 flows (Pcua/Pa = 1.81-2.72x1072, when the nucleation goes continuously,
Figure 3a, b), the flakes have a well-defined circular shape that does not undergo noticeable changes
during growth. When the content of CH4 is lower but still relatively high (Pcua/Pr2 = 1.45-1.81x10
2, Figure 3c, d), the flakes start to grow directly as perfect hexagons and at later stages develop a
week tendency to concave edges. For medium CHy flow (Pcua/Piz = 0.73—-1.45x1072, Figure 3e, f),

the transition from the initial hexagonal to the concave dodecagon shape is faster and is more



pronounced with the external angle reaching 10° (Figure S4b). At low CHy flow (Pcua/Pu2 = 0.18—
0.54x1072, Figure 3g, h), the flux of C adatoms is too low to initiate the nucleation, but if graphene
flakes are already present on the surface they continue to grow forming sharp concave dodecagon
with the external angle up to 20° (Figure S4a). In parallel, after reaching a certain size, the flakes
start to etch at their center, where the availability of adatoms is minimal. Indeed, C mono- or di-
mers that result from the dissociation of methane occurring at the Cu catalyst surface (not on
graphene) have to overcome the Cu-C step-edge Ehrlich-Schwoebel potential barrier to reach the
flake centers. Also, many flakes nucleate around a particle, e.g. an oxide particle, which would not
be visible in the optical microscope. The presence of that particle playing the role of a defect may
also cause enhanced etching at the center. When the methane flow is turned off (Pcu4/Pu2 = 0,
Figure 31, j), the etching of graphene starts at the outer edges, and in the middle of the flakes if
defects are present. In this pure etching regime, the edges closest to the vertices of concave
dodecagons are etched faster. This leads first to the reverse transition when the hexagons with small
protrusive corners and flattened edges in between are formed. The corners begin to smooth out at
a later stage, and the flakes tend to transform into uniform circular disks.

The processes governing the flake shape could be related to the edge diffusion of atoms/species
along the flake edge. In general, the edge-species diffuse from high-free-energy edge areas to low-
free-energy ones. The thermodynamics equilibrium shape of graphene flake is hexagonal, in which
everywhere on the edges has equal free energy as derived from Wulff construction.®® In the
beginning of the growth, the distribution of C species on the LMCat is homogeneous and hence
isotropic at high methane pressure. Therefore initially, there is a tendency to an isotropic i.e.
circular shape for an as-nucleated flake. However, circle is not the equilibrium shape of a graphene
flake. Thus, the edge diffusion starts to play a role and drives the flake shape towards hexagon.
When the hexagonal shape develops in time, that breaks the isotropy of radial diffusion, and hence
the azimuthal uniformity of adatom concentration nearby the flake. The protruded hexagon corners
start to attract more diffusion flux, making them to become even more protruded, leading to a
dodecagon shape. The edge diffusion still tries to bring back the shape to perfect hexagon, but as
flake size (and hence the edge length) grows, the edge diffusion becomes more and more limited.
Consequently, the shape develops toward more pronounced concave dodecagon. We thus assume,
that the observed flake shape development would not be due to increase of the C species diffusion
limitation on the LMCat surface. Although at first, the circular symmetry of C species
diffusion/distribution around the flake breaks to 6-fold symmetry, caused by flake edge diffusion
driving the flake shape towards hexagon, leading to the observed circle to hexagon flake evolution.
Next, edge diffusion becomes increasingly limited, caused by growing flake size, leading to the

observed hexagonal to dodecahedron flake evolution.



Growth rates and experimental E,. In this work, we defined the flake growth (or etching) rate
as a change of flake lateral size over time. Since the shape of the graphene flakes observed is not
constant, as a parameter of the lateral size we consider the effective radius Refr described as the

ratio between the flake area 4 and circumference L:

2A
Reff =7 (1)

The average Resr (with a standard deviation of 20%) was found to increase (or decrease in the
case of etching) linearly with time as demonstrated in Figure S6. Surprisingly, the linear trend is
traceable over the broad pressure and temperature ranges, and, despite the shape transformations
discussed above, no deviation from the linear law is observed. The negative slope of some curves
in Figure S6 indicates etching at CH4 flow below a certain threshold, i.e., at Pcusa/Pu2 between 0.18-
0.36x102. Note that we consider here growth stages that are relatively far from the flakes'
coalescence and closure of the layer so that the majority of the flakes have some degree of freedom
as illustrated by exemplary Movie 1.

In previous studies, when CVD graphene growth on the solid copper catalyst was studied,?>?*
graphene growth rates were often defined as a change in area. However, we find here that the flake
area grows proportionally to the square of time, which correlates directly with a linear evolution of
the radius. As a consequence, the areal growth rates are not constant with time and depend linearly
on the growth stage (flake size) as demonstrated in Figure S7. Using those in the Arrhenius equation
may result in an inaccurate E. value. Therefore, we choose here the Refr as the main parameter of
the growth description.

Recent theoretical studies by Seki et al.*'-*

predict two regimes of growth of isolated graphene
domains (i.e. no interaction with other domains is considered). When the domain size is smaller
than the diffusion length of the C adatoms on the surface, the growth rate of the domain is
independent of the domain radius, and the growth is limited by the reaction in general. On the other
hand, when the domain size is larger than the diffusion length, the growth is diffusion-limited and
the domain area is proportional to time (the radius of the domain is proportional to the square root
of time). The fact that the average Resr grows with a constant rate independently of the flake size
(in this study we observed flakes from 20 pm up to 2 mm in diameter), implies that carbon adatoms
are always available at least around the flakes and the attachment process and the global
concentration of C species primarily govern the growth. As we consider the growth of the flake
equivalent radius of the circle corresponding to the area, in such a way, there is some cancelling
between faster growing areas and slower growing areas in case of the non-compact shapes.

Therefore, we conclude that we have attachment/detachment-limited growth. Following the

observation that the lateral flake size is independent of time even for low CH4 pressure (e.g. in



contrast to this work®), we can rule out the precursor dissociative adsorption as the rate-limiting
step under our experimental conditions. We note, that a noticeable deviation of the lateral growth
rates from the observed linear evolution of the radius as a function of time appears only at the latest
growth stages when the flakes approach coalescence and closure of the layer (See Figure S8 and
Movie 2).

The linear growth rates of graphene flakes on liquid copper are presented in Figure 4a as a
function of Pcua/Pr> and T. Up to a critical value of Pcua/Pro = 1.63x1072, the growth rates are
found to increase almost linearly with Pcua/Pua at all T. Then, above Pcua/Pua = 1.63x1072, the
evolution with pressure deviates from linear towards lower rate values. The Pcua/Pi = 0.27x107
at which the growth rate is around zero should correspond to the Ceq of carbon adatoms on the
liquid copper surface since the attachment and detachment rates are balanced in this case. The
increase of the CH4 flow leads to an increase in the actual carbon concentration C. The growth
rate's linearity at low CH4 flow agrees with the classical film growth theory where the edge growth
rate is proportional to a degree of supersaturation C - Ceq.> The deviation from linearity can be
related to both, the saturation of the Cu surface with C species and the dual role of H» as discussed
further.

The presence of hydrogen is vital in the CVD process.*>*’*%% On the one hand, it is assumed to
participate in methane dehydrogenation, creating sites for hydrocarbon radicals and thus facilitating
the formation of the active C species, although a precise understanding of the detailed mechanism
is still missing. On the other hand, H» etches the graphene, predominantly attacking defects and
terraces above the first layer if there are any. Thus, to secure the growth of high-quality graphene,
the partial pressure Pu> can be used to control the size and morphology (compact circular or
hexagonal vs dendritic/random shapes such as 'snowflakes' or 'flowers') of the islands and usually
has to exceed many times the partial pressure of methane Pcna.?’*3%37 If the concentration of the
hydrocarbon precursor is too low, the etching process dominates, and the grown graphene flake is
etched-out.

Although the growth at higher methane pressure cannot be followed with the same accuracy due
to the high nucleation density and fast layer closure, we also explored the range of partial pressure
of H> between 0 (no Hz flow) and the default value of 18.18 mbar (as in the gas mixture of 200
sccm of Ar and 20 sccm of H») by using 5 % concentration of CHy in Ar with the highest flow of
45 scem, the highest flow of H, was 20 sccm, and the total flow was in the range of 220-265 sccm
(Figure 4b). The growth rates reach the maximum around Pu2 = 9.65 mbar that corresponds to a
CH4/H> ratio of 0.19 and then declines with the decrease of Pu» down to zero. This bell-shaped
dependence of the growth rates on the P is in good agreement with previous studies on solid

substrates and confirms that the presence of H is crucial in the CVD process.?



The CVD process is thermally activated and its general rate is limited by the slowest reaction
step; i.e. the one having the highest energy barrier. However, as it is a complex reaction with many
intermediate steps, an apparent activation energy E. might be time-dependent following the process
stages. Nevertheless, for primary reactions, their E, can be derived from the temperature
dependence of the reaction rate by using the Arrhenius equation. The corresponding Arrhenius
plots of the growth rates are shown in Figure 4c. As expected, the growth rate increases with the
substrate temperature. However, as can be seen, the dependence is non-linear in the Arrhenius
coordinates. Thus, for the lowest data sets (Pcna/Pr2 = 0.18x1072 and 0.36x107?) etching starts to
dominate over growth with increasing 7 leading to a decrease of the growth rate. These two
opposite processes, growth and etching, are at play simultaneously and at low methane content, we
assume that the detachment of C atoms is mainly due to the etching by hydrogen. To fit the data

correctly, the Arrhenius law has to include both activation energies: attachment and detachment:*®

Eqt E

GR = aPCH4_e_k_Tt - bPHze_%a (2)

where GR stands for 'growth rate', @ and b are constants, and k = 8.63 x 10 eV K™ atom™ is the

Boltzmann constant.
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Figure 4. Graphene flakes' growth rates on liquid Cu at a total pressure of 200 mbar and total gas

flow of 220—265 sccm: (a) lateral growth rates plotted as a function of partial pressures and 7 for
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low ratios of Pcna/Pr2; (b) lateral growth rates as a function of hydrogen pressure; (c) Linear growth

rates as function of 1/7 for various Pcua/Pro ratios < 1.81x1072.

The E4: and constant b can be extracted by analyzing the 'pure etching' regime without CH4
presence (Figure S9). Since in this case, the first component of Equation 2 is zero, the slope of the
linear fit of the etching rates in the Arrhenius coordinates gives Eqe; = 2.0 + 0.1 eV. Then by fitting
the data points from the linear Pcua/Pua range (below 2x107%) in Figure 4c to Equation 2, we extract
E.r=1.9 0.3 eV. It is worth pointing out that in the present study we leave out the nucleation
stage (which is not accessible) and probe exclusively the growth phase.

Previously for the CVD of graphene on solid copper, a growth energy barrier of 2.6 + 0.5 eV was
estimated by means of ex sifu scanning electron microscopy (SEM).?*> The authors ruled out the
process of CH4 dissociative adsorption as the rate-limiting step of the graphene growth in favor of
the carbon species attachment to the step-edge. However, the theoretical activation energies of CHy4
dissociation on solid Cu may exceed 3 eV as proposed by recent computational work.>® A
comparable value of the apparent E. (2.3-2.5 ¢V) was measured by differential reflectance
spectroscopy on the base of two wavelength 405 and 950 nm in situ on solid Cu in Ref.?>. These
experimental results are based on the areal growth rate on a solid substrate. On solid Ru and Ir, the
attachment of C-clusters with an En of 2.0 eV instead of adatoms was proposed.*?’ One study
reports the growth E, on liquid Cu extracted from the lateral size growth rates as 1.07 eV (in the
presence of graphene/Mo,C heterostructures).*’ The detachment energy was not taken into account
in the above-mentioned studies. Alternatively, the £, was found to be time-dependent due to the
dispersive reaction kinetics of the ethylene precursor which affects the reaction through the rate of
dissociative dehydrogenation with a high energy barrier of 3.1 eV.*

Free-energy surface simulations. To evaluate the hypothesis of a reaction-limited growth with
the attachment process as the rate-limiting step, we conduct free-energy calculations by means of
an MTP trained to DFT data. Here, we directly simulate the attachment process of a monomer or
dimer carbon species to a zigzag graphene edge. These reaction steps are chosen as exemplary
attachment processes whereby the attachment to the straight edge is most likely the least favorable
(and most limiting) due to the creation of many dangling bonds. Further, we chose to simulate fully
dehydrogenated carbon intermediates and graphene edges, which have also previously been
proposed as the most stable® and that are the least error-prone in a computational treatment due to
a reduced configurational space. To rationalize the interchangeability among different carbon
intermediates we additionally model the dissociation of a carbon dimer to two monomers.

The free energy profiles of attachment/detachment of a carbon monomer and dimer to a graphene
zigzag edge simulated by OPES are shown in Figure 5a,b. Considering the complete process, both
net attachment and detachment barriers are highly similar with 1.66 + 0.13 eV and 2.12 £ 0.01 eV

11



for the monomer and 1.71£0.15 eV and 2.09 £ 0.02 eV for the dimer, respectively. The uncertainty
for the attachment barriers is larger since the free energy of the detached state is difficult to
converge due to the fast diffusion of free molecules (see Figure S16 in the SI). The high values
obtained are in contradiction with a somewhat low theoretical attachment energy Ea: of C dimers
of 0.58 — 0.74 eV calculated with first-principal calculations for solid Cu.*! The calculated
attachment and detachment barriers are in very good agreement with the experimentally determined
apparent activation energies for the growth and etching process, respectively. Our computational
results, therefore, strongly support the proposed reaction-limited growth process found
experimentally.

We also find an interesting behavior considering the attachment process of a dimer molecule to
the graphene zigzag edge (Figure 5b). The attachment of both dimer carbon atoms to the edge is
most favorable, which would suggest the predominant formation of a five-membered ring. Such a
growth mechanism would eventually lead to a highly defective graphene sheet, which contradicts
the common impression of high-quality graphene growth on liquid Cu. In fact, we find the
detachment of one of the dimer atoms to be very facile with a barrier of 1.0 eV. This energy barrier,
which is much lower than attachment barriers, suggests a dynamic opening of such five-membered
rings which would result in a favorable self-alignment during growth and thereby to a defect-free
graphene sheet. This observation is in line with the previously suggested defect-healing

mechanism.*
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Figure 5. Free energy profiles of (a) the attachment/detachment of a carbon monomer and (b) a

dimer to/from graphene zigzag edges; (c) the decomposition and formation of a carbon dimer

to/from two monomers.

As shown in Figure Sc, the carbon dimer state is more favorable than the carbon monomer state,
where a free energy difference in the bonding of ~0.5 eV is found. This energy difference possibly

suggests a considerably larger share of dimer species than monomer species. The species
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interconversion is also in the same order of magnitude as the growth process indicating that
monomers and dimers cannot dynamically interconvert during growth. This is in line with the
previous works suggesting that in the process of CH4 chemisorption on solid Cu, the formation of

carbon dimers C; is favored as the first nucleation step for the graphene domain growth. 64

CONCLUSIONS

We investigated the CVD growth of graphene domains on a liquid copper catalyst by using real-
time in situ optical microscopy in combination with free energy calculations. We found the flake
morphology (varying between hexagonal and circular shapes) to be dependent strongly on the
methane pressure as well as on the flake size, and almost independent of the temperature (in the 7'
= 1368 — 1456 K range). Despite this fact, at constant pressures and temperature, the lateral growth
rates reveal no time or size (from tens of um up to 2 mm) dependence, staying constant within the
wide experimental range. Hence, we propose the attachment of carbon active species to be the rate-
limiting step with an activation energy of 1.9 & 0.3 eV. The competing process of the detachment
(etching) with a barrier of 2.0 + 0.1 eV also has to be considered when analyzing the growth
kinetics.

Our computational work shows that the attachment and detachment barriers of carbon
intermediates quantitatively rationalize the experimentally observed apparent activation barriers.
By comparing the carbon monomer with the carbon dimer, we find that the active carbon species
is most likely the dimer. We also recover the previously suggested self-healing mechanism in our
simulations.** Extended work treating more elementary growth steps and including hydrocarbon
species will be the subject of future work.

These results contribute to the detailed understanding of the so far poorly investigated process of
CVD growth of graphene on a liquid copper surface, thus being of high interest to the field of 2D

materials synthesis technologies.
METHODS

Experimental details. We used a customized CVD reactor capable of multi-technique in situ
monitoring to investigate the graphene growth on a liquid copper catalyst under CVD conditions.*
As substrate, we used copper foils of high purity (99.9976%) purchased from Advent Research
Materials (Eynsham, The United Kingdom) and tungsten disks from Metel BV (Waalwijk, The
Netherlands) to support the molten copper. Before the first growth, we conditioned the copper foils
by melting and etching them in a mixture of gaseous H2 (9%) and Ar (91%) at a temperature 7' =

1370 K for a few hours to remove oxides and bulk impurities. Argon and hydrogen were constantly
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flown during operation with flows of 200 and 20 sccm, respectively. The total pressure in the
reactor was kept at 200 mbar. We then proceeded to the graphene growth using a 2% gas mixture
of methane in argon as a gas precursor. We varied its flow between 0 and 15 sccm, corresponding
to partial pressure ratios Pcua/Pin between 0 and 2.72x102. The graphene was grown on molten
copper at the following temperatures 7% 1368, 1399, 1416, 1433, and 1456 K with an uncertainty
of 5 K. At the higher CH4 flows, the growth occurs too rapidly to be thoroughly analyzed. But
nevertheless, we extended the experimental range of Pcus/Pu2 by use of a 5% methane
concentration in Ar in order to probe the range with the prevailing methane pressure based on the
time required to cover the surface.

We monitored the CVD growth of graphene flakes on the liquid copper surface in real-time with
a digital optical microscope used in radiation mode, mounted above a quartz window of the
reactor.'> We recorded the microscopic images using a CMOS-based digital camera (frame rate of
0.5 Hz) and analyzed them using scripts written in MATLAB software.

Computational details. The molecular simulations were conducted via a moment tensor
potential (MTP)*”**® for the Cu-C system, which is trained to the density functional theory (DFT)
data computed with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional® and the
many-body-dispersion correction (PBE+MBD). This combination of machine learning potential
and DFT has been demonstrated to be both accurate and efficient in our previous work.”' To
describe more complicated configurations encountered in the studied chemical reactions, we
extended our previous potential by an active learning framework based on the ensemble method
for uncertainty estimation as described in detail in the SI.%?

Using the trained potential combined with the On-the-Fly-Probability-Enhanced-Sampling
(OPES) approach,®® we simulated free energy surfaces of three crucial processes during graphene
growth at the liquid copper surface: the decomposition and formation of one carbon dimer from/to
two monomers (mono-dimer), and the attachment of a carbon monomer or a dimer to graphene
zigzag edges as supposedly the predominant edges for large scale graphene flake>* (mono-ZZ and
dimer-ZZ). Three relative atomic models, mono-dimer, mono-ZZ, and dimer-ZZ, are composed of
C2Cuz60, Ce5Cugr7, and CesCusy7, respectively (compare SI Figure S13). For OPES calculations,
collective variables (CV) should be defined to characterize the reaction process. Here we make use

of the switching function:

s =" )

1‘(7)%

in which r is the distance and d,,, 15, n, m are parameters. We choose dy = 0,7y = 2A,n=6,m =

12, and the functions transform the distance into a CV value in (0,1), as shown in Figure S14. For
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the decomposition of the carbon dimers, r is the interatomic distance between two carbon atoms
and s(r) is the CV. This definition allows us to distinguish bonded and unbonded states: s = 0
means two monomers (no bond) while s = 1 means one dimer (bonded). s(r) is also the CV for
the attachment of the carbon monomers, but here r is the minimum distance between the monomer
and the graphene layer, so s = 0 means the detached state while s = 1 means the attached state.
And for the attachment of a carbon dimer, the CV is set as s(r;) + s(r,), where 1y, 1, are the
minimum distances between the graphene and the two atoms of the dimer, respectively. Thus, the
CV values of 0, 1, and 2 represent 3 states: the detachment state, the state in which only one atom
is attached, and the state in which both atoms are attached. For each free energy surface, four
independent OPES simulations of 4 ns with the same computational settings but different initial

velocities are performed to evaluate mean values and uncertainties of the free energy barriers.
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