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Abstract

Carbon moieties, in a low coverage regime being reduced to C adatoms, are a rock-in-
the-shoe for heterogeneously catalyzed processes involving carbon-containing species.
Their presence affects the performance of Transition Metal (7M) based industrial
catalysts, often resulting in poisoning. Recent studies on the C adatom thermodynamic
stability revealed that both surface and subsurface C atoms may coexist, indicating
additional poisoning mechanisms, yet also new catalytic promoting mechanisms. The
present work provides a systematic study of the potential dynamic relevance of such
subsurface C atoms in the most stable (111) surface of all fcc TMs at low C coverages.
This relies on evaluating the composition at thermodynamic equilibrium and the time
scale of the different involved processes by means of Density Functional Theory (DFT)
and kinetic Monte Carlo (kMC) simulations, respectively. These DFT and kMC
simulations highlight the relevant role of subsurface C atoms for Ag and Pd, and a fast
C mobility for Au and Pt, which might be important factors contributing to poisoning or
opening new reactive path mechanisms, especially relevant at high temperature working

conditions.
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1. Introduction

Transition Metals (7Ms) are crucial in many heterogeneously catalyzed industrial
chemical processes with huge relevance in the modern mankind society development.
The production of ammonia, for instance, is to date mostly carried out through the
Haber-Bosch process, using Fe as a catalyst [1]. Specifically, due to their established
moderate chemical activity [2], TMs deliver a good compromise between affordable
reaction energy barriers and moderate binding strengths of the involved reaction species
—i.e., fulfilling Le Sabatier principle— and, hence, are broadly employed in
heterogeneous catalysis [3]. Nevertheless, research endeavors are continuously
undertaken to develop novel or improved catalysts involving TMs as indispensable
components, either as active phase, as supports, forming alloys, or even in the limit of
isolated single atoms, the so-called Single Atom Catalysts (SACs). Among the TMs
used in heterogeneous catalysis, those with face-centered cubic (fcc) crystal structure
are prominent, e.g. in the hydrogen production, catalyzed by Ni [4], the generation of
nitric acid through the Ostwald process using Pt or Rh as catalysts [5], methanol
synthesis using large supported Cu nanoparticles [6], or the partial oxidation of methane

to carbon monoxide, achievable using Ni, Ru, Rh, Pd, Ir, or Pt [7].

Many of the aforementioned industrially relevant processes involve carbon-
containing species. In fact, all the organic and fine chemistry industries handle,
generically, carbon rich molecules. During the formation or breaking of chemical bonds,
some intermediate species can eventually escape from the sought catalytic cycle through
side secondary reactions, resulting in C, moieties attached to the catalyst surface. These
carbon residues can eventually lead to coke formation, which would poison the catalyst
by blocking the active surface metal sites [8]. This is indeed a frequent problem on fcc
TM surfaces, where poisoning by carbon species have been reported for a wide variety
of catalytic processes [9-11], thus reducing or even jeopardizing the catalytic activity

over time, and ultimately, requiring costly catalyst regeneration steps.

Typically, poisoning occurs at high carbon coverage, 0c, where different complex
structures are found going from carbon filaments to graphene, graphite, or amorphous
carbon [12,13]. At very low O¢, C remains mostly isolated, normally as surface adatoms
[13]. Recent works studied the thermodynamic and kinetic stability of such C atoms on
most-stable (111) surfaces of fcc TMs and realistic nanoparticle models, revealing for a

number of the studied cases a rather unexpected higher stability at subsurface sites



[14,15]. So far, this extended surprising feature has not been taken into account in the
computational models previously used to simulate catalytic process on such surfaces.
The consideration of the presence of subsurface carbon might well lead to a change of
paradigm in our understanding of the catalytic activity and reactivity of a variety of
metal surfaces that can experience this phenomenon. Indeed, there are experimental and
theoretical works that already underline the pivotal role of such C species on tuning the

catalytic activity, reactivity, and selectivity of Pd catalysts [16,17].

Here we go one step further investigating the dynamic aspects of surface/subsurface
C stability on all fcc TM (111) surfaces. To this end we perform kinetic Monte Carlo
(kMC) simulations, with rates obtained from Density Functional Theory (DFT) based
calculations, aimed at gaining information of the surface structure under realistic
working conditions over time. This information is likely to be relevant for the
determination of the potential role of surface or subsurface C species, aside, with the
aim to ascertain whether the lifetime of such species falls in the reaction rate time-lapse,

and, therefore, should be considered as a potential catalytic role-player.

2. Computational Details

The DFT based calculations have been carried out for suitable periodic models of the
fee TM (111) surfaces (TM = Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au) using the Vienna 4b
Initio Simulation Package (VASP) [18], and employing the Perdew—Burke—Ernzerhof
(PBE) form of the exchange and correlation functional [19], shown to be one of the
most accurate choices for a wide variety of TM systems and properties, including the
atomic and electronic structure of bulk and low Miller index surfaces [20-23]. The (111)
surface has been chosen since it is the most stable surface and, according to the Wulff
construction minimizing the surface energy [21,24], the most exposed in large

supported nanoparticles in the real catalysts.

The adsorption of atomic C has been studied on the highest symmetry sites,
including top, bridge, and three fold hollow sites —fcc, having a subsurface metal atom
two layers underneath, and hexagonal close-packed (4cp), having a metal atom in the
immediate subsurface layer—, being hollow sites the most preferred by C species. As
far as subsurface sites are concerned, several non-equivalent sites have been sampled
with the C atom in between the first and second atomic metal layers, finding that the

only relevant adsorption sites are the fcc subsurface —also known as octahedral
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subsurface site, oss— and the Acp subsurface —known as tetrahedral subsurface site,
tss—. The energy barriers for diffusion, Ey, of C species along the (111) surface, along
the (111) subsurface, and in between the surface and subsurface regions have been

obtained using the Climbing Image Nudged Elastic Band (CI-NEB) method [25].

To represent the TM (111) surfaces, a p(3x3) supercell with six atomic layers,
containing a total of 54 metal atoms, has been used. The three uppermost layers have
been allowed to fully relax, whereas the three bottommost layers were fixed at
optimized bulk crystal positions to simulate bulk rigidity. Such models are wide enough
so to deliver converged results up to few tenths of an eV —below c.a. 0.04 eV— for
absorption and adsorption energies [15]. The valence electron density was expanded in
a plane wave basis set, with a kinetic energy cutoff of 415 eV. In the self-consistent
field method, a suitable smearing algorithm has been used to enhance the convergence
of the self consistent field procedure, yet final energies have been extrapolated to 0 K.
The reported energies account for the Zero Point Energy (ZPE) term, calculated within
the harmonic approximation. The frequency calculations have been computed from
diagonalization of the corresponding block of the Hessian matrix with elements
computed from finite displacements of analytic gradients; a value of 0.01 A was
considered for all the atoms relaxed during the structural optimization or the Transition
State (7S) search location. The sampling of the reciprocal space has been carried out
following a 3x3x1 Monkhorst-Pack k-points grid [26]. The Ey, for the sinking-emerging

processes have been extracted from literature [14], yet here including the ZPE term.

A Python-based kMC code has been written to propagate the system correctly from
configuration to configuration by means of the widely used rejection-free Variable Step
Size Method (VSSM) [27]. The different TM (111) surfaces are represented in the kMC
framework as a two-dimensional periodic lattice, where each adsorption site
corresponds to a point in the lattice. The latter is built by replicating LxL times the
p(1x1) primitive unit cell, which contains two surface sites (i.e., one fcc and one hcp),
and two subsurface sites (i.e., one oss and one tss), as shown in Figure 1. Periodic
boundary conditions were included in the kMC simulations to emulate the extended
character of the surface at the atomic scale. As the purpose here is to study the low 6¢
real situations, the kMC simulations have been performed in the O¢ range of 1-9 at%
and a temperature, 7, range of 300—700 K. Note that O¢ at% is defined as the

percentage of carbon atoms per lattice surface lattice sites, being these the sum of the



hcp and fee hollows in the unit cell. At this low-coverage regime, the effect of possible
lateral interactions, not accounted in this kMC model, is irrelevant, even more when
they have been seen to be rather anecdotic, if any, during the simulations, as just very
rarely C atoms are located vicinal to each other. A total of eight types of diffusion
processes have been considered for the present kMC simulations, which involve the
reversible surface and subsurface diffusions from fcc to hcp and from fss to oss,
respectively, as well as the reversible sinking/emerging processes from /Acp to tss and

from fcc to oss.

For diffusion processes at solid surfaces, the adsorbed species only contribute to the
vibrational partition function, and the rate constant can be obtained from Transition
State Theory (7S7) as:

_Ep
k = BT s ,Tipr (1),
h @
where E, is the energy barrier including the ZPE term, /4 the Planck constant, kg the
Boltzmann constant, and Ors and Q the vibrational partition functions at the TS and at

the initial state, respectively, which can be computed as:

_ TI3N 1
Q - i=1 vih (2)3
1—e_kBT

for energies already including the ZPE term, where N is the number of relaxed atoms,
and the product runs for the 3-N vibrational frequencies, v;. Note that our reaction
model involves diffusion processes with very dissimilar £}, values. In order to speed up
the kMC simulations, the difference in time scales has been handled by manual scaling
the rate constants of the fastest processes by some appropriate factor o < 1, while
ensuring that this scaling does not alter the final outcome of the simulation. This
solution has been successfully applied in many previous kMC studies [28-31]. Here, we
applied o, so that logjo(a) = -6, -2, and -3 for surface diffusion in Cu, Ni, and Rh,
respectively; and logjo(a) = -2 for Pt hcp<«>tss processes. Additional details regarding
the manually scaling and the validation of the kMC code are provided in the
Supplementary Material (SM).

The chosen O¢ is simulated by initially repeating the lattice unit cell and adding an
appropriate number of C atoms at random positions, see Table 1. All kMC simulations
have been carried out until the system reached the equilibrium, plus 5-10° extra steps for

production, from which the overall macroscopic properties have been extracted. First,
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the mean percentage of C atoms at each site have been determined. Moreover, the
average waiting time between an emerging event and its subsequent emerging in a given
surface area through either fcc or hcp site, t,p,, in units of time per surface area, has
been computed as the quotient between the total production time, #,, and the number of
emerging processes, n.n, occurred through a fcc or an Acp site, times the area A of the

simulation cell:

3 p 3).

em (nem)A

Another interesting property is the average lifetime of a C atom in a given region, /¢,
where r relates to being surface or subsurface, or on a given site type, /t;, where j = hpc,

fcc, tss, or oss, which can be calculated from the kMC simulations as:

ltr - n_CZi=1n_£ (4)3
1 n ti'
— c _J
lt] - n_CZi=1? (5)3

where n¢ is the number of carbon atoms, t! and tji are the time spent for the i atom in
the region r and the site type j, respectively, and n'. and n} are the number of processes
experienced by the i™ atom that drove it to the region r and the site type j, respectively.
Obtaining these aforementioned properties allows one to reach not only a complete
analysis of the equilibrium state but also a deeper analysis on the time scales of the

equilibrium fluctuations, that could very well be a key factor on the surface chemistry of

a significantly carbided surface.

3. Results and Discussion

The relative energetic stability of C at the different adsorption sites, as well as the
energy barriers for sinking/emerging processes, have been taken from the previous work
by Piqué et al. [14]. Here we have performed additional DFT calculations at the same
level of theory to obtain the energy barriers for surface and subsurface diffusion, as well
as to include the ZPE term, which was previously neglected. Figures 2 and 3 show the
energy profiles for all diffusion processes along with the energy barriers for both
forward and reverse directions, while values of the relative stability of C atoms on the

different adsorption sites are reported in Table S1 of the SM. The most stable region for



a C atom on Ni, Cu, Pd, and Ag is subsurface, specifically in oss, understandable just in
terms of cavity space as compared to zss. In fact, oss is found to be more stable than #ss
for all the studied transition metals except for Pt and Au. On the contrary, C prefers the
surface region on Rh, Ir, Pt, and Au, with both fcc and hcp sites featuring similar
adsorption energies. As one moves along a TM series and up a group in the periodic
table, the metal atomic radii decreases, and the C subsurface stability compared to the
surface stability increases, since metals with smaller radii allow for extra space within

their voids.

The E, values for surface diffusion range from 0.04 for Cu to 0.79 eV for Pt,
suggesting a likely surface C adatoms mobility at working conditions. Surprisingly,
subsurface diffusion does not imply much larger energy barriers, which range from 0.39
for Auto 1.18 eV for Ni. Note that the diffusion across the subsurface region implies an
elongation of the three-fold hollow sites metal-metal bonds involved in the C crossing
pathway. At first sight, one would argue that this deformation has an energy cost that
could largely increase the Ey values. However, the TS structure appears to be stabilized
by the surrounding metal atomic coordination shell, which compensates the structural
distortion destabilization. Interestingly, C atoms diffuse more easily when the surface
chemical activity is small, this is, when moving along a TM series and down a group,
being weakly bonded to a specific site, which happens to be a common trend of

adsorbed diffusing species on transition metals [32].

In general, sinking/emerging processes present higher £, compared to
surface/subsurface diffusions, as the former imply an increase of the surface metal-
metal bonds of the three surface metal atoms conforming the hollow sites along the C
atom crossing pathway [15,33], but without being much stabilized by coordination. The
sinking energy barriers range from 0.26 to 1.80 eV for Au and Ir hcp—tss cases,
respectively. On the other hand, the emerging energy barriers range from only 0.07 to
1.45 eV, both belonging to Ni, but for tss—hcp and oss—fcc, respectively. In general,
the sinking/emerging energy barriers decrease while going down a group of the periodic
table, due to a combination of larger interstices and malleability of the metals [15]. Note
that the high subsurface C stability does not necessarily imply a smaller £y, for the C
sinking. For instance, C is very stable at the oss site of both Ni and Ag, but their
corresponding sinking energy barriers are 0.84 and 0.43 eV, respectively. Thus,

dynamic simulations are necessary to shed light into whether the sinking/emerging Ej



values are determining, i.e. large enough to prevent the exchange of C atoms between

surface and subsurface sites under working conditions.

To have a deeper insight into the overall dynamic process of C atoms at these
surfaces, we carried out kMC simulations under operando conditions, and calculated
several macroscopic properties such as the percentage of total C at the surface and
subsurface regions, with results reported in Figure 4. The kMC simulations show that, at
300 K, C atoms are almost only at the surface for Rh, Ir, Pt, and Au; and almost only in
the subsurface for Ni, Cu, Pd, and Ag, in agreement with the relative energetic stability
predicted by the DFT calculations. Indeed, the 100% surface situation is found for Ir,
whereas a 100% of subsurface C is found for Pd. Hence, in the low O¢ regime, the large
number of empty sites enables the location of all C atoms in their thermodynamically
most stable adsorption sites. Tables S2-S9 of the SM summarize the percentage of C
atoms in all four different types of adsorption sites at all temperature values considered.
The kMC simulations allow us to keep track of the preferred paths for the C atoms
within the lattice. In general, there is a drastically larger preference for the
sinking/emerging processes to occur through a Acp site, which is also in agreement with
the smaller E}, values, see Figure 3. The reason is that C at #ss sites is generally less
stable than at oss, and, hence, features lower emerging barriers. In addition, the
subsurface metal atom stabilizes the TS for sinking through a coordination effect.
Overall, the C motion is mainly composed by diffusion steps either at the surface or
across subsurface, connected through sinking/emerging processes involving scp and tss
sites. Thus, the occupation of oss sites, which are the most stable sites in the subsurface,
is not reached through a direct sinking form a fcc surface site, but rather from a hcp—tss

sinking followed by a tss—oss subsurface diffusion.

The effect of O¢c on the amount of C present at the surface or subsurface sites is
negligible, even for the 8¢ of 9 at%. However, the effect of temperature is relevant in
some of the studied surfaces, leading to an increase of the C population in the less stable
sites. This effect is especially prominent for Ag and Pt. In the case of Ag, there is a
decrease of subsurface C concentration by increasing the temperature, which represents
up to a 7% of the total C released to the surface at 700 K. This suggests that upon
annealing, C containing Ag (111) samples would feature a segregation of C towards the
surface, rather than increasing solubility of C within the material. In the case of Pt, the

amount of C in subsurface sites increases from 2% at 300 K to 13% at 700 K, thus
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becoming an important factor to take into consideration when dealing with Pt catalysts
in presence of C moieties and also when modeling organic chemistry reactions on Pt
(111) terraces at working conditions. Note that these unexpected results cannot be
anticipated by inspection of the DFT energy profiles alone, and may be very relevant in

the catalytic activity of these transition metal surfaces at high working temperatures.

The presence of subsurface C can affect the surface chemical activity in different
ways, such as increasing or reducing the adsorption strength of particular molecules.
The subsurface C stability in Pd (111) at all operating conditions explains the observed
C; promoting role of Pd catalysts in alkyne dehydrogenation reactions [34,35].
Moreover, for cases where C atoms are preferentially located at the surface, the sinking
of C atoms to the subsurface might be followed by their diffusion and posterior
emerging to other regions, either C-containing or C-free. This process can be enhanced
with the temperature, especially in the case of Pt, Rh, and Au. In particular, this can
explain the double-layer model as detected on Pt (111) [36], consisting of a graphene-
like layer, with C atoms connecting it to the Pt(111) surface [37]. Alternatively, for
cases where C prefers to be in the subsurface region, the surface would be apparently
clean, yet C atoms would remain trenched at the oss sites. Apart from the possible
perturbing effect on the expected surface activity, their possible emergence could imply
these C atoms being involved in the on-going reaction, a point which may well be the

case for Ag, and for Ni and Cu to a lesser extent, at high temperatures.

In order to quantify the occurrence probability of processes involving emerging C
atoms, we have to consider the emergence feasibility and the lifetime of C species at the
surface and on subsurface sites. Figure 5 displays the average lifetime of C atoms at
surface and subsurface regions in the range of studied temperatures and 6c = 1 at%.
Note that, as stated above, results for this quantity are independent of the C coverage.
Obviously, longer lifetimes are obtained for the most stable regions, which are rarely
below the ps even at 700 K. This indicates that, once the system is at equilibrium, there
are very few sinking and emerging processes. Interestingly, when they occur, the
lifetime of the C on the new, less stable situation, is generally still in the range of the ps
to ms, which cannot be neglected as surface reaction steps are comprised at these time
scales. Note that both /¢, and /t,,, decrease when increasing the temperature and while
going down a group, in agreement with the decrease in sinking/emerging energy

barriers.
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Let us analyze in more detail the systems for which C prefers a subsurface site; i.e.
Ni, Cu, Pd, and Ag. All of them present /¢, below 1 s, and even below 1 ms at 700 K.
Thus, when the exposure time is larger than /¢y, one would expect that all C atoms go
subsurface. Since catalytic cycles may operate well beyond this ms time scale, one can
confirm that a migration of C from surface to subsurface sites in these metal surfaces
will occur under realistic operando catalytic conditions, which may introduce changes
in the performance of the catalyst. In addition, the effect of surface C does not have to
be misregarded, given that reaction steps occur in the fs to ms scales frame where as-

generated surface C atoms can be present.

Figure 6 shows the mean lifetimes for the C atoms on the different types of
adsorption sites, as well as the average waiting time between two consecutive emerging
processes, t.m, at 300 and 700 K, and 6¢c = 1 at%. The obtained results for all the other
studied operating conditions can be found in Tables S10-S17 of the SM, together with
some hints to ease the interpretation of Figure 6. In general, the simulations show that C
lifetimes at particular sites are many orders of magnitude lower than lifetimes at surface
or subsurface, indicating that intra-layer diffusion processes are dominant. This alters
the static image that one could get from the systems when analyzing Figure 4 and
suggests that there is a continuous diffusion of C atoms within the same metal layer.
Before going into details for the different cases, a rough analysis of the results in Figure
6 predicts that C at Ir (111) can be regarded as an example of a rather static system, with
large waiting times, and long lifetimes on specific times, almost as much as the overall
surface or subsurface lifetimes. On the other hand, Pt and Au show short waiting times,
and comparable high and easy mobilities. Finally, Ni, Cu, Rh, Pd, and Ag are in
between the two previous scenarios. These behaviors quite correlate to what is expected

from the energy profiles and energy barrier values shown in Figures 2 and 3.

For the systems where carbon is found to more stable at subsurface, namely Ni, Cu,
Pd, and Ag, t.,, is in the ns and s range, normally ns for tss—hcp transitions. This
couples to /t,,s values ranging from fs to ns, large enough to allow the interaction of the
emerging C with available adsorbates with possible concomitant effects on the ongoing
surface catalyzed process. Although the emergence of C at 300 K is in the seconds time
frame, t,,, clearly drops to us or ns when the system is annealed to 700 K, even though
this reduces /s, which still is slightly below the ms time scale. This result indicates

that, on the average, one can expect the emergence of one C atom to the surface each ps
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per A%, and lasting at the surface for a substantial time, almost 1 ms in the case of Ag.
Obviously, a frequent and long C presence can clearly condition the surface activity and
the on-going processes, which underlines the C subsurface chemistry as a factor to be
considered when working with Ni, Cu, Pd, and Ag surfaces, especially critical in the
case of Ag, as an apparently clean surface at 300 K could contain C trenched subsurface

that may emerge when the surface is heated at the working conditions.

For the systems where C is found to prefer surface sites (Rh, Ir, Pt, and Au) the
presence of subsurface C might not critically condition the on-going catalysis, as the
main influence will come from surface C adatoms. In these cases, the only effect of
subsurface C presence would be to facilitate the mobility of carbon around the lattice
and, eventually, emerge on C-free or C-containing areas of the surface; i.e. it could open
another channel to move C contamination to all possible sites in the lattice. Moreover,
the emergence of subsurface C atom may imply another front of attack in the catalytic
reaction, which can be important e.g. on Pt, given then enhanced C solubility, see
Figure 4. For Ir, however, the presence of subsurface C, only detectable at high
temperatures, is merely testimonial. Not only the sinking processes are rarely occurring,
but also the diffusion at surface, with time scales above the ps even at 700 K. Rh
partially populates subsurface at the equilibrium at 700 K, but the /z,, is above the
seconds timeframe even at 700 K, which implies that, even if subsurface is partially
populated, such carbon atoms would be trapped inside, neither moving nor emerging to
other surface areas. However, they can locally perturb the electronic density of the Rh

metal atoms immediately above, and, eventually, their chemical activity and reactivity.

For Au, kMC simulations predict a substantial reduction of both £, and /z,, similar
to Pt. This translates into a much more dynamic equilibrium as compared to the other
cases, with a continuous exchange of C atoms between surface and subsurface,
especially at 700 K, where this exchange is below the ps time scale. As shown in Figure
4, however, the subsurface population only reaches considerable values for Pt, slightly
above 10% of the total carbon at 700 K, while only 2-3% for Au. Surface C moieties,
then, are anyway expected, yet the extra disorder effect caused by the opening of the
subsurface diffusion channel will certainly be present in Au and mainly in Pt surfaces

when exposed to low coverages of surface C.

4. Conclusions

12



By means of kMC simulations with rates derived from periodic DFT calculations and
TST, the present work assesses the dynamic mobility of C atoms on all fcc TM (111)
surfaces under working conditions of low C coverage; 6c = 1-9 at% and working
temperatures ranging 300—700 K. Overall, the macroscopic kinetic properties obtained
from the kMC simulations are in agreement with the predictions made from the static
DFT energy landscape. For instance, kMC simulations show that at 300 K C atoms
spend most of the time around the thermodynamically most stable adsorption sites, with
little effect of the O¢. These sites are subsurface oss for Ni, Cu, Pd, and Ag, and surface

fecc for Rh, Ir, Pt, and Au.

In some cases, however, other adsorption sites start to become populated at higher
temperatures. For instance, subsurface sites for Pt and Rh, and surface sites for Ag. This
is an unexpected conclusion, which possibly cannot be anticipated by inspection of the
DFT energy profiles alone, and that may have relevant impact in the catalytic activity of
these transition metal surfaces at high temperature. Present kMC simulations also show
that, in general, surface and subsurface diffusions dominate the kinetics, with
sinking/emerging processes being much less frequent, and, surprisingly, occurring
involving the channel connecting surface scp and subsurface zss sites. In the case of Ag,
and to a lesser extent Pd, emerging processes are triggered by annealing, and the thus
raised C atoms can vary or bias on-going catalytic processes occurring on these
surfaces. For Au and Pt, C mobility has been seen to be considerably higher than for the
rest of the studied surfaces. Even if the C is mainly found at surface, it can diffuse
through the subsurface region to other areas, either C-free or C-containing, and even
imply a new reaction mechanism with a C attack from subsurface. Even though the
study is focused on (111) fcc surfaces, it is likely that such effects can be present in
other surface terminations, even in TMs with different crystallographic structure. The
present results highlight the need of reconsidering the role of both surface and
subsurface carbon moieties in the simulation models, a factor which has been, hitherto,

mostly neglected.
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Table 1. Total number of carbon atoms, N¢, and lattice size p(NxN), and total number

of sites, ngss, as a function of B¢.
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Figure 1. Schematic representation of the employed lattice unit cell indicating the
considered active sites, and their connectivity; a) representation of the adsorption sites
included in the unit cell, and the eight different diffusion processes accounted for in the
kMC simulations, b) top view of a p(2x2) supercell. Black spheres denote metal atoms,
and the unit cell units are represented with black lines. Colored smaller (larger) spheres
denote surface (subsurface) sites following the notation in a), and colored lines show the
connectivity between sites within the same layer, and c) side view of b), where colored

lines show the sinking/emerging channels of the lattice.
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Figure 2. Energy profiles for Acp«—fcc surface and tss<>oss subsurface diffusions of an
isolated C atom for the eight studied fcc transition metal (111) surfaces. The left top-
most panel contains a description of the processes and indicates the meaning of the

numerical values in the rest of panels.
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Figure 3. Energy profiles for Acptss and fcceoss sinking/emerging processes of an
isolated C atom for the eight studied fcc transition metal (111) surfaces. Diffusion
energy barriers were initially obtained from literature [14] but here include the ZPE

term. The topmost left panel is as in Figure 2.
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Figure 4. Percentage subsurface C for the studied fcc TM (111) surfaces as a function

of the total 6¢ and in the temperature ranges of 300—700 K.
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Figure 5. Mean lifetime of a C atom on the or subsurface regions as a function of
temperature, 7. All values have been computed for 6¢c = 1 at%. Note that for Ir no

subsurface sites were populated below 600 K in the performed simulations.
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Figure 6. Mean lifetime of C in the different regions; /¢, and /t,,, and in the four

different adsorption/absorption sites, ltic, Ity ltis, and lt,,, as well as the average

waiting time between two consecutive emerging processes through either fcc, ng,f , or

hep, f:,;p. All values have been computed at 300 K (dark grey) and 700 K (light grey),
and O¢c = 1 at%. For lt,,rand lt,,, a decomposition in terms of Acp/tss and fcc/oss sites
is provided in light blue and orange insight each grey bar. See the SM for further details

on the interpretation of the bars.
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