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ABSTRACT

The molecular mechanism of CO; hydrogenation on Ni(111) surface has been thoroughly investigated by
means of periodic density functional theory calculations including dispersion interactions along with accurate
kinetic Monte Carlo simulations including lateral interactions between the adsorbates. The present reaction
model involves 25 different species and a total of 86 elementary processes including adsorptions, desorptions,
surface chemical steps and diffusions. The reaction network accounts for three different mechanisms for the
reverse water gas shift reaction and three different mechanisms for methanation. The kinetic Monte Carlo
simulations reveal that the reverse water gas shift reaction dominates the CO2 hydrogenation on Ni(111) with
no evidence of methane formation. The reaction proceeds mainly through the redox route with the carboxyl
pathway also also active but to a lesser extent. Methane production is hindered by the H + CO - HCO
endothermicity and the prohibitive energy barrier for CO dissociation implying CO desorption rather than
evolution through the Sabatier reaction. A detailed comparison to earlier theoretical studies supporting the
methanation reaction shows that some unreliable assumptions along with limited theoretical approaches biased

the former conclusion.
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INTRODUCTION

The continuous and drastic increase in the use of carbon-rich fossil fuels in response to the world
energy demand has dangerously increased the amounts of atmospheric carbon dioxide with concomitant
effects on the global warming of our climate system. Although a switch from fossil fuels toward different
sources of green energies > would be desired, these cannot yet cover all the global energetic demand. In fact,
it is expected that atmospheric CO2 concentration will be still rising in the following years. Therefore, many
efforts are being addressed towards the chemical conversion of CO; into new added-value chemicals of
industrial interest, CO, CH4, methanol and formaldehyde being the more investigated options *-. The common
step for all these processes is the CO> capture from flue gases through the so-called Carbon Capture and
Storage (CCS) technologies 39, Nowadays, this strategy seems to be suitable for industrial purposes that
involves simultaneously reducing the environmental impact related to carbon dioxide emissions and
generating chemicals that can be further used as energy carriers, thus, creating a cyclic energy economy where
appropriate heterogeneously catalysed processes play an essential role.

In the last few decades, catalytic CO> hydrogenation has gained attraction towards the use of this
greenhouse gas as an economic C; carbon source. Moreover, the Power-to-Gas (PtG) technology '!»'? has
increased interest as a promising option to absorb and exploit surplus renewable energy. The PtG concept is
based on using the excesses of renewable energies (i.e., excesses of solar power or wind power) for water
splitting and then use the produced H» for CO; hydrogenation towards different chemicals. By choosing the
metal and type of support used for the heterogeneous catalyst for CO2 hydrogenation, it is possible to tune the
selectivity towards a specific product. Among the possible chemicals that can be obtained from the CO»
hydrogenation, methanol!'3-2*, methane?*3% and CO?*37#! have woken increasing interest due to the various
possible applications either as fuels or in syngas processes. Methanol is produced via CO; partial reduction

18-20.22.23 methane is produced mostly using Ru,>>-?7 Ni,2%-3° Pt,24 or

using Au'3-13, Pd!'®!7 or Cu-based catalysts,
Pd-based catalysts?® via the well-known Sabatier reaction and CO can be obtained through the reverse water
gas shift reaction (RWGS) using Pt*7, Rh38 Fe* or Ni-based catalysts.*04!

In the case of CO> hydrogenation, Ni is one of the most commonly used catalysts because of its
relatively high activity and its economic viability compared to the noble metals.*>*3 It must be pointed out
that while most of the experimental works deal with CO» hydrogenation on Ni-based, usually supported

catalysts 29334041 "theoretical studies focused on the idealized Ni(111) surface. 4432

The reason being that it
constitutes the most stable extended Ni surface and, thus, Ni(111) facets would predominate in the large Ni
nanoparticles that are present in the industrial catalysts. However, in spite of the many studies published on
the mechanism of the CO, hydrogenation on Ni(111), the overall picture is not yet fully understood with
conflicting predictions regarding selectivity with respect to RWGS or Sabatier reactions.

From the experimental point of view there is only one study directly focusing on CO> hydrogenation
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on the Ni(111) surface. In this study, Heine et al.>> used ambient-pressure X-ray photoelectron spectroscopy

and identified OH and CO surface species, a clear indication that the RWGS reaction was occurring. Moreover,



these authors also reported the presence of atomic C, hence indirectly suggesting that the Sabatier reaction
would also take place on this surface through the reduction of CO to C and its later hydrogenation to CHa.
However, they did not provide direct evidence regarding methane formation and no information is given
regarding either turnover frequency (TOF) or the CO/CHjs selectivity.

The number of theoretical studies dealing with CO» hydrogenation on Ni(111) is rather vast with
different models being used as well. For instance, a cluster model study proposed that the 2CO — C + COx(g)
disproportionation step constitutes the key process for atomic carbon formation that can be further
hydrogenated to methane.*® On the other hand, Ren et al. *’ suggested three different mechanisms for CO,
methanation, concluding that the CO dissociation mechanism was the most likely to occur. It is interesting to
mention that available studies regarding CO methanation on Ni(111), can provide additional information for
CO; hydrogenation, as many elementary steps are coincident for both reactions. Thus, Zhou et al.** studied
the competition between the water gas shift (WGS) and the CO methanation reactions on Ni(111), concluding
that WGS reaction was more likely than the methanation one. Similarly, Zhi et al. * investigated the CO
methanation and proposed that the mechanisms through the HCO and HCOH species are the most favourable
routes for methane formation. In a recent DFT study of RWGS reaction on Ni(111) and Ni(311) surfaces,
Zhang et al.*’ suggested that Ni(311) should be more active than Ni(111) for surface redox mechanism in
RWGS reaction. There are also combined experimental and theoretical studies although seldom using the same
models system. For instance, Vrijburg et al.>* studied CO, hydrogenation on bimetallic catalysts, Ni/TiO> and
NiMn/TiO> were used in the experiments and MnsO4/Ni(111) and Ni(311) in the calculations. Both,
experiments and calculations suggest a higher activity for the bimetallic catalysts. Very recently, Vogt et al.*®
reported an experimental and theoretical study for CO> hydrogenation catalysed by Ni. The experiments were
performed over Ni catalyst supported on different metal oxides whereas the calculations were carried out for
several Miller low index Ni ideal surfaces and included a rather limited microkinetic modelling. These authors
provided experimental evidence that methane is formed over the supported Ni catalysts, a conclusion
maintained by the theoretical study on the ideal surfaces.

In the present study we combine periodic DFT calculations including dispersion interactions with high-
fidelity kinetic Monte Carlo (kMC) simulations to obtain an in-depth insight into the CO; hydrogenation
mechanism on Ni(111) and to provide direct, unbiased, predictions of activity and selectivity towards both the
RWGS and Sabatier reactions under relevant operating conditions. Macroscopic modelling through kMC or
microkinetic simulations are being increasingly used in theoretical studies of heterogeneously catalysed
reactions because they incorporate pressure and temperature effects beyond a purely thermodynamic picture.
Indeed, temperature and pressure effects can have a decisive role in the catalytic performance. Even if both
kMC and microkinetic simulations provide similar information regarding the macroscopic regime, we have
chosen the former because they do not rely on the mean-field approximation and are spatially resolved, thus

including adsorbate mobility and reaction dynamics in an explicit way.



COMPUTATIONAL METHODS AND MODELS

DFT calculations. The DFT-based calculations have been carried out using the Vienna Ab Initio
Simulation Package (VASP) code ¢ with the frozen-core augmented wave (PAW) method®’ to describe the
interaction between the atomic cores and the valence electron density. Since the exact universal functional

remains unknown, the choice of the density functional is always an open issue and a matter of discussion. In

61-60 161

the view of recent benchmark studies, showing that the rather recently proposed BEEF-vdW functiona
provides an agreement with the available experimental data better than other commonly used functionals, we
decided to use this functional that includes non-local correlation effect as well. For the scrutinized systems
this functional exhibits mean absolute deviations usually lower than 0.3 eV, although depending on the training
data considered.

Spin-polarization has been considered to account for the magnetic properties of nickel. The optimized
nickel lattice parameter is 3.54 A, in good agreement with the experimental value of 3.52 A% The Ni(111)
surface— featuring hcp, fcc, bridge and top adsorption sites— has been modelled by a slab (3%3) supercell
model containing 4 atomic layers with a 20 A vacuum width between periodically repeated slabs, to avoid
spurious interactions. The two bottom layers of the slab have been kept fixed at their bulk positions to provide
an appropriate bulk environment to the two outermost surface atomic layers that have been allowed to fully
relax in the geometry optimization calculations involving either the clean or adsorbate covered surface. A cut-
off energy for the plane wave expansion of 415 eV and a (7x7x1) Monkhorst-Pack®® k-points mesh for
sampling the first Brillouin zone have been used in all the calculations. A 10 ¢V threshold has been selected
for the electronic energy optimization while ionic relaxation has been allowed until the forces acting on the
atoms were smaller than 0.01 eV-A"!,

Transition states (TS) have been located by means of the Climbing-Image Nudged Elastic Band
method®+%3. The initial guesses for the employed intermediate images have been generated by means of the
Atomic Simulation Environment package®® using the Image Dependent Pair Potential procedure®’. The located
TS structures have been properly characterized by pertinent frequency analysis ensuring that they only exhibit
one imaginary frequency. Frequency calculations have also been performed for all the adsorbed species to
ensure that they correspond to minima in the potential energy surface. When calculating reaction rates (vide
infra), low frequency modes below a cut-off value of 6.9 meV have been set to this cut-off value in order to
approximate the entropy from a pseudotranslational/pseudorotational degree of freedom (see Section 1 in the
Supporting Information for further details). The energy of an i gas-phase molecule (E;4)), has been calculated
by placing one single molecule in an asymmetric box of (9x10x11) A3 considering only the I'-point. We have
used an asymmetric box to ensure convergence to the lowest energy state of the species. Then, the adsorption
energy of any i of the considered 21 surface species (E,45;) has been calculated as follow:

Eaasi = Ei—siab — Esiap — Ei (9) (D
where E;_g,p 18 the energy of the i species adsorbed on the surface and Ej,;,;, is the energy of the relaxed

pristine surface. With this definition, a negative value of E,4; represents a favourable adsorption on the
4



surface. The energy barriers and reaction energies are computed, as usual, taking the difference between the
total energy of TS and reactant optimized structures and between the total energy of adsorbed products and
reactants in their optimized structure. Both reaction energies (AE,,) and energy barriers (AE§) reported in
this work include also the contribution from the zero-point vibrational energies calculated within the harmonic
oscillator approximation. This contribution is also taken into account when considering adsorption/desorption

rates of reactants and products and involves both gas phase and adsorbed species.

kKMC simulations. The present reaction model involves 25 different species (i.e., 6 gas-phase
molecules and 19 adsorbed intermediates) and a total of 86 processes, as shown in Figure 1. The kMC
method®®® simulates the system time evolution at the molecular level, in such a way that each elementary
process has an associated transition rate (i.e., adsorption rate, diffusion rate, reaction rate, etc.). In this work,
we have used the graph-theoretical KMC approach’® combined to cluster expansion Hamiltonians "!72 for the
adlayer energetics as implemented in the Zacros code (version 1.01).7%7! A lattice model consisting on a two-
dimensional hexagonal periodic grid of LxL points has been used to mimic the hexagonal symmetry of the
Ni(111) surface. Each point in the lattice model corresponds to a coarse-grained site that represents a catalytic
site of the Ni(111) surface (i.e., fcc, hcp, bridge or top sites). The convergence with respect to the lattice size
has been verified by computing the steady-state TOFs and coverages with different L = 8§, 12, 16 values,
concluding that the results from a (8x8) lattice virtually coincide with those obtained using larger surface
models. Consequently, the (8x8) lattice has been used in the subsequent calculations; further details are given
in Section 2 in the Supporting Information. In this (8x8) lattice model, each adsorbed species can interact with
their six nearest neighbours in the hexagonal periodic grid. Species that occupy a single adsorption site on the
DFT calculations are considered to occupy a single site in the kMC lattice, while species that occupy two
neighbouring adsorption sites in the DFT calculations are represented as bidentate adsorbates during the kMC
simulations. For readers unfamiliar with the kMC method, we suggest the very recent tutorial from Andersen
et al.%®

In this study we have considered as reaction model an ideal mixture of two gas-phase reactants (i.e.,
CO: and H; at given partial pressures and temperature) continuously impinging on an initially empty and
thermalized Ni(111) surface, where a long list of surface processes can take place, and afterwards, the formed
products leave the surface region. Hence, the present model simulates a differential flow reactor with constant
reactant flux and temperature. Therefore, reactants are allowed to adsorb and desorb, while products are only
allowed to desorb. The reaction model involves the most relevant reaction mechanisms proposed in the
literature, including three different reaction routes for the RWGS reaction and three different reaction routes
for the Sabatier reaction. For completeness, we have also considered the possible formation of side products
such as formaldehyde (CH20) and methanol (CH3OH), although their formation is generally not observed on

Ni-based catalysts. The total number of 86 processes included in our reaction model correspond to 36



reversible steps (i.e., adsorption, desorption or surface chemical reaction), which include both forward and
reverse processes plus 5 irreversible desorption steps and 9 reversible but symmetric diffusion steps.

The expressions used to calculate the transition rates of all processes are described in detail in Section
3 of the Supporting Information. Mostly, Transition State Theory and DFT data were used. Due to the large
number of species involved in our reaction model, we have truncated the cluster expansion to first nearest-
neighbour two-body terms. The cluster expansion includes pairwise lateral interactions for all the reactants
and products pairs as well as pairwise lateral interactions between the most relevant species during the
simulations defined as species with significant coverage and key intermediate species. Overall, 19 different
one-body terms and 50 different two-body terms are included in the cluster expansion, which are listed in
Tables S3 and S4 of the Supporting Information, respectively. The one-body terms were calculated as the
formation energies of the adsorbed species, and the two-body terms were obtained as the difference between
the formation energies of the coadsorbed species and the formation energies of the isolated species. Further
details regarding the calculation of formation energies or the cluster expansion used are given in Sections 4
and 5 of the Supporting Information, respectively. Note that our reaction model involves processes with very
dissimilar energy barriers, resulting in reaction rates differing by several orders of magnitude. The
concomitant difference in time scales has been handled by manually scaling the reaction rates of fast processes
by using a scaling factor (i.e., @ < 1), and ensuring that such scaling does not affect the final results; this is
further described in Section 6 of the Supporting Information. This pragmatic solution has been successfully
applied in several previous kMC studies.”76

For each operating condition, we have carried out 5 kMC simulation runs over an initially pristine
Ni(111) surface using different random seeds. In this way, a larger part of the configuration space is explored,
compared to running one single very long simulation. To obtain the final results, the resulting steady-state
macroscopic properties such as TOFs and coverages have been averaged whereas the error bars have been
taken as the standard deviation among the different kMC replicas. The total number of kMC steps was in the
order of 108 for all working conditions. All the simulations have been performed using an initial CO, and Ha
reactant mixture with a 1:4 ratio at total pressures of 1 and 10 bar and temperatures of 573.15 K and 673.15

K, which are typical operating conditions.**

Each simulation has been allowed to achieve a steady-state in
which no-variations of the surface coverage for intermediate species are observed, with the exception of small
fluctuations resulting from the stochastic nature of the method. Then, the TOF is calculated as the number of
product species formed per site and unit time. Moreover, to unveil the dominant reaction mechanism that

controls the reaction, the event frequency of the different processes has been analysed.

RESULTS AND DISCUSSION

DFT results. We start by noting that a total of 21 adsorbed species and 7 gas-phase species are involved
in the considered mechanisms for the RWGS and Sabatier reactions. The adsorption energy for all the species

has been calculated for each of the four possible high symmetry adsorption sites (see Section 7 of the
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Supporting Information for further details). Table 1 summarizes the adsorption energies for all the species in
their optimized structures at the most favourable site along with already published data for
comparison.*4>1:32 The present results are in close agreement with published data, even though some
discrepancies are found, not only on the adsorption energy values but also on the reported most stable
adsorption sites for some adsorbates, especially for the largest ones. In general, PBE**2 and PW91#
functionals tend to overestimate adsorption energies with predicted values larger than those obtained from
RPBE’! or BEEF-vdW (Table 1). Moreover, there is a rather good agreement between the calculated CO heat
of adsorption (i.e., -1.55 eV at 300 K for 0.11 ML) and the experimental value of ~-1.3 eV on hollow sites at
0.25 ML coverage and 300 <T <425 K 77-8- Note that the higher the coverage the lower the adsorption energy
due to the repulsive CO-CO interaction. In addition, the present study nicely reproduces the experimental heat
of adsorption hollow > bridge > ontop trend (see table S7 of the Supporting Information).

For larger adsorbates such as CH,OH, CH30H, HCOO and t-COOH, the PBE and PW91 adsorption
energies are closer to the present BEEF-vdW calculated values. However, this could be a result of error
compensation in all previously reported DFT studies on this system, since PBE/PW91 overbinding is still
present but the dispersion contributions are neglected. These interactions are especially important for the
largest intermediates and physisorbed (non-polar) molecules such as CO; or CHy, and its inclusion can produce
very large changes in the predicted reaction rates, as it has been shown for the WGS reaction on Cu(321).”

To provide unambiguous insight regarding the mechanism that governs CO> hydrogenation on the
Ni(111) surface, all possible relevant reaction mechanisms reported in the literature have been explicitly
considered with the complete reaction network summarized in Figure 1. Table 2 reports the calculated reaction
energies (AE, ) and energy barriers (AEg) for all considered elementary steps, along with already published
data to facilitate their comparison. Note that the present values include dispersion interactions and the zero-
point energy (ZPE) term while both are neglected in previous works. With this information at hand, three
different mechanisms for the RWGS reaction and three different mechanisms for the Sabatier reaction can be
distinguished, which are discussed on the basis of the corresponding calculated potential energy diagrams
(PEDs). The possible desorption of some side species such as formaldehyde and methanol are also accounted
for although not included in the reported PEDs.

The three proposed mechanisms for the RWGS reaction are the reverse of the redox, formate and
carboxyl pathways in the WGS reaction, respectively (see Figure 2 for PEDs), which differ in the way CO is
produced. In the redox pathway (Figure 2a), CO is directly produced by CO> dissociation (i.e., R4, AE] =
0.86 e¢V) and water is formed by hydrogenation of adsorbed atomic O. The formate pathway (Figure 2b)
involves the formation of HCOO by reaction between CO, and H (R5, AE§ = 1.06 eV). Next, HCOO
dissociates to produce adsorbed HCO and O species (R13, AE§ = 1.39 eV), with subsequent dissociation of
the former species (R15, AE§ = 0.21 eV) leading to the formation of adsorbed CO. Again, water is formed by
hydrogenation of adsorbed O. Finally, the carboxyl pathway (Fig. 2¢) is related to the formation of COOH. In
this mechanism, adsorbed CO, and H react to produce COOH (R6, AE§ = 1.35 e€V) and then, CO can be
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produced either by direct COOH dissociation (R11, AES = 0.50 €V), or via the COH intermediate (R12, AE
=1.28 eV and R17, AE§ = 1.21 eV, respectively).

Among the mechanisms proposed in the literature for the RWGS reaction, the redox pathway is by far
the most favoured route for CO production, since the energy barrier for CO> dissociation is lower than those
for HCOO or COOH formation, and it is an unimolecular step, which makes it more probable to occur than a
bimolecular step, in agreement with previously reported results.*>%>2 Both, formate and carboxyl pathways,
involve hydrogen assisted steps and they will be only feasible at high H coverage. Among them, HCOO
formation (R5) has lower energy barrier than COOH formation (R6). However, after HCOO formation, the
system can go backwards because the reverse energy barrier for this process is lower than that for further
dissociation to produce HCO (R13). Conversely, if COOH is formed, it will dissociate mainly to produce CO
(R11) compared with reverse R6 and R12 processes. Therefore, it is not clear which of these two mechanisms
will dominate, although the current DFT calculations clearly suggest that both of them will be hardly relevant
and that the redox mechanism should prevail, suggesting CO> dissociation as the rate-determining step.

The three proposed mechanisms for the Sabatier reaction are the carbon hydrogenation pathway, the
HCO hydrogenation pathway, and the COH hydrogenation pathway, as also summarized in Figure 2. These
mechanisms differ in the way CHs is produced, which is finally hydrogenated to methane. In all mechanisms
it is assumed that CO is formed via the redox pathway and then, it reacts to produce the key intermediate of
each mechanism. Note that key intermediates could also be obtained from other elementary steps (see Figure
1) that are not included in the PEDs. The C hydrogenation pathway (Figure 2d) starts with the formation of
atomic C species, either from CO dissociation (R14, AE§ = 2.98 eV) or from COH dissociation (R18, AE§ =
1.81 eV), and further hydrogenation to produce CH3z. The HCO hydrogenation pathway (Figure 2e) is related
to the formation of the key intermediate HCO via the HCOO dissociation (R13, AEZ = 1.39 eV) or from
H+CO hydrogenation (reverse R15, AE§ = 1.47 eV). Next, HCO is hydrogenated to CH3O, which can
dissociate to produce CHs. Finally, the COH hydrogenation pathway (Figure 2f) involves the formation of the
key intermediate COH via the COOH dissociation (R12, AE§ = 1.28 €V) or the CO+H hydrogenation (reverse
R17, AE§ = 2.33 eV). Next, COH is further hydrogenated to methanol which then, dissociates to produce
CHjs. Apart from these three main mechanisms, there are many elementary interconnecting steps, which are
responsible for the high complexity of the CO, hydrogenation landscape on Ni(111), as shown in the reaction
network in Figure 1. For instance, dehydroxylation of CHxOH species leads to CHy species, providing hybrid
reaction routes combining the COH hydrogenation and C hydrogenation mechanisms. Similarly, CHxO
species can deoxygenate to produce CHyx species, providing connections between the HCO and C
hydrogenation mechanisms. Note also that, in addition to the final products of the RWGS reaction (i.e., CO(g)
and H>O()) and the Sabatier reaction (i.e., CHa(g) and H>O(g)), other intermediate species are present which
can desorb, leading to side products. This is the case for methanol (CH30H,g)) and formaldehyde (CH2Oyy)).

By inspecting all the different possibilities provided by the full reaction network, the most feasible

reaction route to CHa(g) production seems to be through CO formation via the redox mechanism, followed by
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its possible hydrogenation to HCO (reverse R15, AE§ = 1.47 ¢V). Then, in a H dominated regime, HCO could
be further hydrogenated to CH>O (R22, AE] = 0.82 eV), then deoxygenated to CH> (R30, AE§ = 0.96 eV),
and finally, hydrogenated to CHy(g). On the other hand, in a system with low H coverage and high availability
of surface free sites, HCO could be deoxygenated to CH (R16, AE§ = 1.10 eV) and finally, hydrogenated to
CHa(g). Hence, the most favourable route for methane production would involve the RWGS redox mechanism
to form CO, followed by a combination of the HCO and C hydrogenation mechanisms. However, there are
some thermodynamic and kinetic aspects that make CHa() production hardly achievable. The first challenge
is the presence of bimolecular hydrogenation steps, which are obviously much slower than several
unimolecular steps. Moreover, if CO is hydrogenated to HCO through reverse R15, the system will probably
move backwards, since the energy barrier in the backward direction for this elementary step is of 0.21 eV
only. Moreover, it is very likely that CO will desorb rather than follow the reaction path towards methane,
methanol or formaldehyde. The main reason is that, once a CO molecule is formed, it will desorb (R2, AE|,,.
= AE§= 1.58 eV) rather than react to form C, COH or HCO. The first two processes are kinetically impeded
due to extremely high energy barriers (AE{ =2.98 and 2.33 eV, respectively). On the other hand, although the
HCO formation process through reverse R15 has an energy barrier (AE§ = 1.47 V) similar to CO desorption,
it is a bimolecular process, hence requiring a neighbouring H adsorbate. Even in the case of a H dominated
regime, where the concentration of HCO could be significant, the system would move again backwards, due
to its very low energy barrier (AE§ = 0.21 eV).

Overall, a first inspection of the full DFT energy landscape seems to suggest that the RWGS reaction
should dominate on Ni(111) with CO() being the main product through the redox mechanism. However, as
mentioned in Section 1, a more quantitative and rigorous description of the kinetics of such a complex reaction
network requires to simultaneously consider all involved steps at working conditions of pressures and

temperatures; this is precisely the aim of the next section.

KMC results. To gain further insight into the mechanism of CO> hydrogenation on Ni(111), kMC
simulations have been carried out at typical operating conditions for Sabatier reaction on Ni-based catalysts;*
thus pressures of 1 and 10 bar, and temperatures of 573.15 and 673.15 K are considered. These simulations
involved a CO2/Hz mixture with a 1:4 ratio although additional runs with a 1:1 CO2/Hz mixture lead to the
same results. We start by analysing the TOF and the event frequencies of the main elementary steps, which
will allow us to provide estimations of catalyst activity and selectivity, and also to unveil the dominant

mechanism that controls the reaction.

The TOFs and event frequencies of the main elementary steps at the four different operating conditions
are shown in Figure 3. Clearly, no methane formation is observed at any of the studied conditions, as inferred
also from the DFT calculations. Even if the simulations show that some HCO is produced through CO
hydrogenation, which could be an important intermediate towards methane production, the energy barrier for
HCO dissociation is very small thus evolving back to CO, hence hindering the CH formation and subsequently,

9



the hydrogenation to methane. Figure 3 clearly shows that CO> hydrogenation on Ni(111) is dominated by the
RWGS through the redox route (R4 step in Figure 1), also in agreement with what is inferred from the analysis
of the DFT energy profiles. Interestingly, the carboxyl pathway is also active with COOH being produced by
reaction of CO; either with H (R6) or OH (R7). Nevertheless, COOH dissociates to produce CO through R11
step. In any case, the frequency of CO formation through the carboxyl pathway is between 2-3 orders of
magnitude smaller than through the redox pathway. This clearly suggests that the CO- dissociation step is the
rate-determining step. This has been confirmed by calculating the Campbell’s degree of rate control®® for the
three competing processes starting from COx (i.e., R4, RS and R6) at several temperatures (see table S8 in the
Supporting Information for further details).

Regarding the formate pathway, Figure 3 shows that indeed HCOO is formed but evolving backwards
to CO2, meaning that this third mechanism does not contribute at all towards the RWGS reaction. Figure 3
also shows that, despite the scaling down of the adsorption/desorption step rates, the system spends most of
the simulation time precisely adsorbing and desorbing CO». This result agrees with the low desorption energy
of CO; (0.14 eV including ZPE correction) significantly lower that the energy barriers for other CO»-related
processes such as R4-R10, also much less accessible because they are mainly bimolecular. At 573 K, the
second most time-consuming process is H> dissociative adsorption and its subsequent H recombination back
to Ha(g). Although the energy barrier for this recombination is quite high (i.e., reverse R3, AE] = 0.86 eV), it
is lower than other energy barriers for H involving steps (e.g., with O, OH, CO; or CO, the species with the
highest coverages; vide infra). Moreover, it is more likely that neighbouring H-H pairs are found in the lattice
due to the dissociative Ha(g) adsorption, in comparison to other pairs such as H-O, H-CO2 or H-CO. These
event frequency diagrams also show that when a diffusing H atom finds an O atom arising from CO»
dissociation, the system spends a considerable amount of time forming OH (R35) and going backwards.
Compared to the others, the relative event frequency for this step increases with temperature because it is an
endothermic process.

Water is mainly formed through OH hydrogenation (i.e., R36, AE§ = 1.25 €V), although to a lower
extent it is also formed by the disproportionation of two neighbouring OH species (i.e., R37, AE§ =0.42 eV).
The energy barrier for the later process is much lower, but its event frequency is 2-3 orders of magnitude lower
because of the very low OH coverage (vide infra). Finally, the kMC simulations evidence that changes either
on the reaction temperature or on the partial pressure of reactants have no significant effect, other than
affecting the event frequency of all processes in a fairly homogeneous way. Obviously, as the temperature or
pressure are increased, the overall TOF also increases (see Figure 3).

The steady-state (final) coverage of the main surface species are reported in Table 3. At all studied
reaction conditions, the coverage of all the intermediate species is below 1%, with the solely exception of
atomic H, which is around 7-17% depending on the T and P values. These results are a consequence of the too
weak adsorption of reactants, intermediates and products over Ni(111). According to Le Sabatier principle,

catalysts that present too weak or too strong binding for adsorbed species exhibit low activity. This is precisely
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what is observed, the TOF values reported in Figure 3 at different reaction conditions are all very low. These
low values could be seemingly in contrast with the experimental evidence that Ni-based catalysts are active
towards the RWGS and Sabatier reactions.?®>24%4! Therefore, one can conclude that the active sites are not
located on the Ni(111) facets and that the role of the Ni support, the size and morphology of Ni nanoparticles
are likely to play an important role on the overall process.

We have also computed the partial orders of reaction with respect to both reactants and the apparent
activation energy of the overall reaction by performing different simulations at varying temperatures and
pressures. The calculated partial orders at 673.15 K for CO2 and Hz are 0.82 and 0.21, respectively (see Section
S9 of the Supporting Information for further details). The calculated apparent activation energy at 1 bar and
10 bar are 0.82 and 0.85 eV, respectively (see Section S10 in the Supporting Information). Note that these
values are very similar to the energy barrier of the CO; dissociation step (i.e., 0.86 eV), thus, confirming that
this is indeed the rate-determining step. Unfortunately, to our knowledge, the experimental apparent activation
energy and partial orders of reaction have not been reported.

Several theoretical studies**4748

and one experimental work?® have claimed that CO> hydrogenation
on Ni(111) should produce methane. It is important to point out that the experimental study supports this claim
solely by the presence of a peak at 283.3 eV attributed to adsorbed C, which is then taken as indication that
methanation could follow. However, the same study provides compelling evidence that CO; leads to CO
through the RWGS, which is in agreement with the present results. The analysis of the present kMC
simulations shows that, under the scrutinized conditions, methanation will not take place on Ni(111). The main
bottleneck for methanation is that CO desorption is much more favourable than any other competing process
evolving to methane such as HCO formation (reverse R15, AE§ = 1.47 eV) or CO dissociation (R14, AE§ =
2.98 eV); see also Figure 2d and 2e. That CO desorption blocks methane formation is also supported by
accurate measurements of the heat of adsorption of CO on Ni(111) of ~ -1.3 €V 77 | even lower than the
value predicted by the present or previous DFT calculations (see Table 1). Nevertheless, since too strong CO
adsorption energies could be obtained as a consequence of the selected functional, we have done a sensitivity
analysis of the CO desorption process. We concluded that even when the CO desorption rate is slowed by 2
orders of magnitude (corresponding to a 0.26 eV stronger CO adsorption energy), no methane is formed, and
only CO is produced (see Section S11 of the Supporting Information for further details).

Additional support to the present findings comes from the work of Catapan et al.>> on the WGS reaction
over both flat Ni(111) and stepped Ni(211) surfaces which shares the reverse R15 and R14 elementary steps.
These authors report energy barriers and reaction energies similar to those reported in the present study, thus
supporting that methanation on Ni(111) and Ni(211) surfaces is unlikely to occur. For the Ni(111) case, they
proposed the redox pathway involving the route through direct CO> dissociation as the most plausible
mechanism for the RWGS reaction, in agreement with the present findings. Note that Zhang et al.*’ also
reported the redox pathway as the most plausible mechanism for the RWGS reaction on the Ni(111) and
Ni(311) surfaces, but from their data it is not possible to predict whether Ni(311) will be active for
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methanation. However, the study of Vrijburg et al.® that couples DFT calculations with microkinetic
modelling shows that the Ni(311) surface is active for methane formation. They found that for the Ni(311)
surface the COH intermediate is a possible source of atomic C, which is further hydrogenated to methane,
although this would not be possible for Ni(111) or Ni(211) surfaces, indicating that not all stepped surfaces
may exhibit methanation activity.

Regarding earlier theoretical studies on CO, hydrogenation, Choe et al.** claimed that CO
disproportionation is a possible source of methane formation. However, their result is an artefact arising from
excessively large adsorption energies for CO and COs. In our reaction network, this CO unusual
disproportionation step has not been included, precisely because the energy barrier for CO disproportionation
is higher**#%6 than required for CO desorption. Ren et al.*’ proposed an optimal mechanism for methane
production from CO; via a route involving CO> and CO consecutive dissociations. However, they did not
consider the much more favourable CO desorption process and other important and competing processes for
CO reactions, that should notably affect the final reaction products. In a recent experimental and theoretical
study, Vogt et al.*® presented a microkinetic modelling for CO> conversion over several Ni facets, concluding
that some methanation could occur over these unsupported Ni facets. However, their reaction network was
quite incomplete and involved several important limitations. For instance, their DFT study relied on the PBE
functional, a robust and broadly used one, but neglected dispersion energies and lateral interactions. Moreover,
even more critical was neglecting the CO desorption step into the microkinetic modelling. As a result, an
artificially too large CO coverage was obtained which favoured the H-assisted CO dissociation process and
hence the CH4 formation.

Additional studies involving CO methanation and the WGS reaction on Ni(111) could give valuable
additional information for understanding much better the CO> hydrogenation reaction. Zhou et al.* suggested
that the HCO route was the most favourable pathway for methane production, although this intermediate was
more likely to undergo the WGS reaction rather than the methanation reaction. However, these authors
neglected the HCO hydrogenation step to CH>O, which at high H coverages would be more feasible than the
HCO dissociation to CH + O. Additionally, and more significantly, they also neglected the possible HCO
dissociation to CO + H, which clearly hinders the Sabatier reaction as shown in the present work. Similarly,
Zhi et al.** proposed HCO and HCOH dissociation steps as the most favourable routes for methane formation
from CO hydrogenation, but they did not consider the possible CH2O formation nor the low-energy barrier of
HCO dissociation to form CO + H, which plays an important role. Moreover, since their energy barrier for
CO hydrogenation to HCO was lower than for CO desorption, they also neglected the CO desorption process.
The present results clearly confirm that CO desorption is a key step than cannot be neglected as it drives the
CO; hydrogenation on Ni(111) to the RWGS reaction rather than to the Sabatier reaction. The importance of
both CO desorption and HCO formation in tuning the selectivity from CO to CHg as it has been also shown
in CO> hydrogenation over Pt, Pt/SiO, and Pt/TiO».%’
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CONCLUSIONS

DFT calculations along with kMC simulations have been performed to unravel the molecular
mechanism of CO; hydrogenation on Ni(111), to determine the main products and to provide unbiased
meaningful insights regarding the elementary steps governing the reaction. The reaction energies and energy
barriers for a total of 86 elementary processes, conforming a complete reaction network, have been obtained.
These correspond to three possible mechanisms for the RWGS reaction and three possible mechanisms for the
Sabatier reaction. Among all the proposed mechanisms for the RWGS reaction, the redox pathway is by far
the most favoured route to CO(g) production. This is because the energy barrier for CO; dissociation is lower
than those for HCOO or COOH formation, and that it corresponds to a unimolecular process. For the case of
the HCOO and COOH routes, the analysis of the PEDs alone is not sufficient to provide a conclusive idea
regarding which pathway is preferred. We have also analysed the most feasible route for methane production,
which involves the RWGS redox mechanism to form CO species, followed by a combination of the HCO and
C hydrogenation mechanisms. However, the results show that several thermodynamic and kinetic aspects
make CHay) production hardly achievable. In particular, we mention the presence of bimolecular
hydrogenation steps, the very low energy barrier for the HCO — CO + H process, and the very likely CO
desorption.

The present accurate kMC simulations have confirmed that no methane is formed on Ni(111) at any
of the operating conditions studied, in contrast to what has been suggested in some earlier DFT and
microkinetic studies based on some unreliable assumptions. kMC simulations also show that the RWGS
reaction dominates mainly through the redox mechanism, but also through the carboxyl mechanism to a lesser
extent. We have also confirmed that the CO, dissociation step is clearly the only rate-determining step.
Therefore, we conclude that methane production observed experimentally on Ni-based catalysts is not due to
the large presence of Ni(111) facets of the Ni nanoparticles and it should be likely a result of other
contributions involving a possible synergic effect between the Ni particle and the support and also the
existence of other sites that may be present depending on the particle morphology. This call for subsequent

studies on the effect of the support and low coordinated sites on the CO; hydrogenation reaction.
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Table 1. Adsorption Energies (without ZPE) of Intermediate Species in Their Most Favourable Site. The
Adsorption Sites of Literature Are Assumed to Be the Same Unless It Is Specified. All Values Are in eV.

Species, i site Eqas,;

This work RPBE °! PBE + PBE >? PWO1 #
C hep -6.35 -6.00 -6.89 -6.61
CH fcc -5.94 -5.90* -6.41 -6.84 -6.47
CH» fce -3.64 -3.30 -4.03 -4.07
CH:0O fcc -0.58 -0.20%* -0.84
CH>OH top-top -1.47 -1.00%* -1.56%* -1.68%*
CH3 fce -1.64 -1.30 -1.89 -1.94
CH;0 fcc -2.59 -1.90 -2.75
CH;OH top-top -0.36 -0.03* -0.37*
CH4 top -0.13 0.13°
Cco hep -1.61 -1.50 -1.93 -2.09 -1.91
COs top -0.16 0.03* -0.01* -0.12%*
COH hep -4.02 -2.10 -4.39 -4.42% -4.45
H fcc -2.75 -2.80 -2.80 -2.77 -2.78
H> fce/hep -0.68? -0.95¢ -0.25%*
H>O top -0.26 -0.02%* -0.27 -0.47 -0.33
HCO fcc -2.05 -1.80%* -2.27 -2.49%* -2.36%*
HCOH fcc -2.65 -2.40 -3.88 -3.91%*
HCOO top-top -2.93 -2.88 -3.02
OH fcc -3.22 -2.50 -3.27 -3.34 -3.54
O fcc -5.30 -4.50 -5.39 -4.81 -5.76
t-COOH top-top -2.13 -2.30%* -2.25% -2.54%

®The calculated value corresponds to the dissociative adsorption of H> with an H on the fcc site and the other
H on an hcp site. *The literature value corresponds to the CHy dissociative adsorption into CHz and H. “The
literature value corresponds to the H» dissociative adsorption into two H. Both literature values are calculated
at T =800 K and P = 1 bar and considering species at infinite distance. * Adsorption energy corresponding to

a different adsorption site than the one presented in this study.
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Table 2. Reaction Energies (AE,,.) and Energy Barriers (AE§) for All The Considered Processes Including

the Zero-Point Energy Term Along with Relevant Published Data. Backward Energy Barriers Are Also Shown

between Parenthesis. Note That Literature Values (i.e., AE*) Do Not Include The ZPE term. The * Symbol

Represents A Free Adsorption Site. All Values Are in eV.

This work Literature values

AE,, AEZ AE *
ID: surface process PBE % PWOII # PBE *
R1: COyg +* = CO2 -0.14 0.0 (0.14) 0.0 (0.01) 0.12 (0.0)
R2: CO - CO) + * 1.58 1.58(0.0) 1.90 (0.0) 1.91 (0.0) 2.09 (0.0)
R3: Hyg +2*=2H -0.60 0.26 (0.86) 0.01 (0.82) 0.13(1.18) 0.08 (1.37)
R4: CO,+*=CO+0 2069 0.86(1.55)  0.60 (1.56) 0.57 (1.53)
R5: CO,+H = HCOO 0.04 1.06(1.02)  0.86(0.99) 0.71 (1.05)
R6: CO;+H = COOH 0.51 1.35(0.84) 1.11 (0.93) 0.80 (0.88)
R7: CO;+OH = COOH+ O 0.35 0.47(0.12) 0.19 (0.20) 1.06 (1.30)
R8: CO;+ H>O = COOH + OH 0.17 0.20(0.03) 0.0 (0.0) 0.0 (0.0)
R9: CO;+ OH = HCOO+ O -0.12  1.70 (1.82) 1.42 (1.75) 1.22 (1.62)
R10: CO; + H,O = HCOO + OH -0.31 1.61(1.92) 1.33 (1.88) 1.22 (1.81)
R11: COOH + * = CO + OH -1.04 0.50 (1.54) 0.44 (1.40) 0.50 (1.22)
R12: COOH +* = COH + O -0.08 1.28 (1.36) 1.50 (1.41)
R13: HCOO = O + HCO 0.53 1.39(0.86) 1.14 (0.73) 1.26 (0.74)
R14: CO+*=C+O0 1.43 2.98(1.55) 2.88(1.60) 3.74(2.32) 3.01(1.59)
R15: HCO + * = CO + H 1126 021(1.47)  0.19(1.44) 021 (1.38) 0.20 (1.35)
R16: HCO+* = CH+O 031 110(1.41)  1.04(1.54) 1.16(1.44) 1.28 (1.43)
R17: COH + * = CO + H 12 121(233)  095(1.91) 1.02(1.94) 0.85 (1.81)
R18: COH + * = C + OH 047 1.81(134)  1.86(1.34) 2.01(1.35) 2.07(1.46)
R19:C+H=CH+* -0.49 0.78 (1.27) 0.86(1.39) 0.92(1.38) 0.91 (1.32)
R20: CH+H=CH, + * 0.31 0.65(0.34) 0.74 (0.36) 0.74 (0.40)
R21: CH,+H=2CH;3 +* -0.08 0.60 (0.68) 0.63 (0.66) 0.77 (0.85)
R22: HCO+H = CHO + * 0.37 0.82(0.45) 0.53 (0.29)
R23: HCO+H = HCOH + * 0.60 1.13(0.53) 1.14 (0.71)  0.92 (0.58)
R24: COH+H = HCOH + * 0.73 0.88 (0.15) 0.83 (0.10)
R25: HCOH + * = CH+ OH -0.75 0.72 (1.47) 0.72 (1.45) 0.79 (1.26)
R26: HCOH +H = CH;OH 0.22 0.63(0.41) 0.87(0.53) 0.87(0.62)
R27: CH,OH = CH;+ OH -0.67 0.71 (1.38) 0.65(1.35) 0.85(1.23)
R28: CH,OH+H & CH3;OH + * -0.29 0.74 (1.03)
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:CH20 + H = CH:0OH
:CHO+* & CH2+0O

:CHO+H = CH;0 +*

:CH:0+* & CH3+0
:CH;0+H = CH;OH
: CH;0H = CH; + OH
tO+H=0OH+*
:OH+H=HO+*
:OH+OH= O+Hx0
: H2O - * + HyOy
:CH3z + H = CHy) +2*

: CH;0H — CH30Hg,) + 2*

: CH20 - CH20(g) + *

$Crct* = Cyep +*
:Ofee + %2 Opep + ¥

tHpe +% & Hiep +*
:COfct+* 2 COpep +*
:OHpee +* 2 OHpep +*

: HoOtop +* & HoOpop +*
:CHpe+* 2@ CHpep +*

: CHofee +* & CHonep +*

:CHipee +* = CHShcp + *

0.45
-0.38
-0.33
-0.14

0.48
-0.46

0.16

0.35

0.19

0.20
-0.22

0.31

0.58
-0.04

0.10

0.02
-0.01

0.09

0.00

0.02

0.04

0.02

1.00 (0.55)
0.96 (1.34)
0.52 (0.85)
1.36 (1.50)
1.43 (0.95)
1.80 (2.26)
1.28 (1.12)
1.25 (0.90)
0.42 (0.23)
0.20 (0.0)

0.87 (1.09)
0.31 (0.0)

0.58 (0.0)

0.31 (0.35)
0.42 (0.32)
0.12 (0.10)
0.11 (0.12)
0.19 (0.10)
0.08 (0.08)
0.32 (0.31)
0.19 (0.15)
0.15 (0.13)

1.17 (0.97)
1.27 (0.86)
0.48 (0.27)
0.27 (0.0)
0.0 (0.03)

1.06 (0.76)
1.41 (1.57)
0.65 (1.01)
1.53 (1.57)
1.31(0.85)

1.21 (1.15)
1.32 (1.02)

0.33 (0.0)
0.96 (1.13)
0.37 (0.0)
0.83 (0.0)

1.16 (1.01)
1.15 (0.90)
0.0 (0.0)
0.47 (0.0)

17



Table 3. Coverage Value of Some Species During the Simulations at the Different Working Conditions.

T=573.15K T=573.15K T=673.15K T=673.15K
Coverage (0) Py,= 0.8 bar Py,= 8 bar Py,= 0.8 bar Py,= 8 bar
Pco,= 0.2 bar Pco,= 2 bar Pco,= 0.2 bar Pco,= 2 bar

Oy 12.69 + 0.08 17.33 £ 0.06 7.69 + 0.06 12.36 + 0.09

Oco 0.031 + 0.004 0.140 £ 0.019 0.007 + 0.003 0.020 £+ 0.004

0o 0.170 + 0.011 0.227 £ 0.011 0.675 + 0.028 0.810 £ 0.024

Bco, 0.769 %+ 0.008 0.926 £ 0.018 0.695 + 0.011 0.775 +£ 0.023

Oon 0.007 + 0.004 0.023 £+ 0.006 0.055 £ 0.004 0.076 £ 0.004
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Figure 1. Reaction network proposed for the CO> hydrogenation (left) and H> oxidation (right). The redox
pathway (red), formate pathway (dark blue) and carboxyl pathway (dark green) are considered for the RWGS
reaction. The C hydrogenation pathway (magenta), HCO hydrogenation pathway (light blue) and COH

hydrogenation pathway (light green) are considered for the Sabatier reaction. Black lines are for elementary

steps that interconnect different pathways. Dark yellow and purple stands for reactants and products of the

CO; hydrogenation reactions. Reversible steps are represented by double arrows.
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Figure 2. Potential energy diagrams corresponding to the RWGS reaction: a) redox mechanism, b) formate
mechanism, c¢) carboxyl mechanism and the Sabatier reaction d) C hydrogenation mechanism, ¢) HCO
hydrogenation mechanism, f) COH hydrogenation mechanism. All values include the zero-point energy term,
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20



a) CO —>CO(g)+* |—— TOFCQ = 0.0564 £ 0.0004 molec - site”! s b)  co —»cog+
Hy0 — Hy0(g) +* p—— HyO — HyO(g) +*
OH+OH «—» Hy0+0 E Forward reaction —

h OH+OH 4—> Hy0+0
I Backward reaction
OH+H <> HyO+*

O+H <> OH+*
1 COOH «—» CO + OH
CO,+H <—» COOH
Working conditions: CO+H <«—»HCO+*

TOFCO = 0.726 + 0.003 molec - site”! 5!

OH+H €4—» Hy0 +*
O+H «—» OH+*
COOH «—» CO +OH
CO,+H <«—» COOH
CO+H <«—» HCO+*

Working conditions:

CO,+H <4—» HCOO T=573.15K CO,+H <«—» HCOO T=673.15K
CO,+OH +*4—» COOH+0 PH,=0.8bar 1 o, 0H+*<«—» COOH+0 PH,=0.8bar 1
CO,+* 4> CO+0 P602 =0.2 bar CO,+*<4—» CO+0 P002 =0.2 bar
Ha(g) +2* «—> 2H - Ha(g) +2* «—> 2H
CO2(g) +* 4—» CO2 CO2(g) +* 4—» CO2 -
1073 1071 Q g 108 107 1073 107! 10! 108 10° 107
requency / s Frequency /s
c) €O —>COg)+* TOFCO = 0.408 £ 0.004 molec - site”" 5™ d) €O —>COg+* TOFCO =5.64 £ 0.02 molec - site”™! s°*
Hy0 —» HyO(g) +* i H0 —> Hy0(g) +*

OH+OH 4—» H,0+0 OH+OH 4—> Hy0+0 |

OH+H €4—» Hy0+* OH+H €4—» Hy0+*

[

O o e — O+H 4> OHs:
[
[

—
COOH 4—» CO+OH 1 COOH 4—» CO+OH

CO,+H <—» COOH CO,+H <—» COOH Working conditions:

T=673.15K
.
CO+H <—>HCO ++ Working conditions: CO+H <> HCO+ Pry. 8 bar
CO,+H <—» HCOO T=573.15K CO,+H <«—> HCOO b 2 2 bar
€O, + OH + * «—» COOH +0 Py, =8bar | COp+OH+*<—» COOH+O €O,

CO;+*<4—» CO+0
Ha(g) +2* «—» 2H
CO2(g) + * «—» CO2

Pco, =2 bar CO,+* 4—»> CO+0
Ha(g) +2* <> 2H

g CO(g) +* «—» CO2

1073 10~1 101 108 105 107 1073 1071 10! 103 10° 107

Figure 3. Event frequency of the CO> hydrogenation reaction at four different working conditions.
a) T=573.15 K, Py,= 0.8 bar, P¢o,= 0.2 bar, b) T=573.15 K, Py,= 8 bar, P¢o,= 2 bar, ¢) T= 673.15 K, Py,=
0.8 bar, P¢o,= 0.2 bar, d) T= 673.15 K, Py,= 8 bar, P¢y,= 2 bar.
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