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Abstract

Small Ni particles supported on TiC(001) have been shown to display a very high activity for the catalytic
hydrogenation of CO2 but the underlying chemistry is, to a large extent, unknown. Here, by means of periodic
density functional theory (DFT) calculations with the BEEF-vdW functional, we explore the adsorption and
subsequent dissociation of CO2 and H2 on several Nin clusters (n = 4, 9, 13 and 16) supported on TiC(001)
and compare the results to those obtained for the bare Ni(111) and TiC(001) surfaces, using exactly the same
computational approach. The calculations reveal that the Nin/TiC system exhibits stronger adsorption energies
and lower dissociation energy barriers for CO2 and Hz than the bare Ni(111) and TiC(001) surfaces. This is in
line with the experimental finding evidencing that the Ni/TiC system has a catalytic activity higher than that
of the separated Ni and TiC constituents. In addition, the calculated results show that supported two-
dimensional (2D) clusters adsorb CO2 and H2 stronger than the supported three-dimensional (3D) clusters and
also 2D clusters exhibit lower energy barrier for CO2 dissociation. Within the 2D supported clusters, larger
particles feature slightly stronger adsorption energies and lower CO:2 dissociation energy barriers. Finally, Hz
dissociation proceeds with a very low energy barrier on all the studied models which makes these novel

systems potential good candidates for hydrogenation reactions.
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1. INTRODUCTION

Excessive emissions of greenhouse gases are producing a devastating effect on the Earth environment
leading to phenomena such as the global warming with direct impact on the overall climate system. Among
the different greenhouse gases, carbon dioxide (CO2) is the major contributor to global warming and sea
acidification.>? The increase of atmospheric COz2 is directly associated to the use of carbon-rich fossil fuels
for covering the ever-growing world energy demand. Unfortunately, satisfying the whole current world energy
requirements with green energies is still remote3“ and significant efforts are being addressed toward the CO2
catalytic chemical conversion. This strategy, involves simultaneously reducing the environmental impact
related to CO2 emissions and generating energy carriers, thus creating a cyclic energy economy. In the last
decades, CO2 hydrogenation has gained interest for generating new value-added chemicals of industrial
significance. Among the different chemicals of industrial interest, CO, methane, methanol and formaldehyde

are the most investigated options®>2 and all require appropriate active and selective catalysts.

The most common heterogeneous catalysts used in industrial applications consist of small to medium
size metallic nanoparticles anchored on some type of support, usually an oxide or sulphide.® The nature of
both, metal and support, controls the catalytic activity and, more importantly, the selectivity towards a specific
product. Normally, precious metals like Pd and Pt are highly active, but they are scarce and expensive.
Therefore, metals that could be active, abundant and cheap attract considerable attention. In that sense, Ni-
based catalysts are widely used for the CO2 hydrogenation reaction due to its relatively high activity and low
cost compared to noble metals.1%1 In these catalysts, nickel nanoparticles are often supported over different
metal oxides although transition metal carbides (TMCs) were also proposed as supports,*®-2° the resulting
systems exhibiting high activity and selectivity. The enhanced activity was attributed to the polarization that
the TMC surface provokes on the supported particle electronic density.?! This type of positive interaction
between the metal cluster and the TMC support is different from the so-called strong metal support interactions
(SMSI) introduced by Tauster, that are detrimental to the catalytic activity.?>?* Indeed, there is increasing
evidence of a possible positive active role of the support and it is now clear that metal-support interactions in
many cases can be used to tune a specific activity and selectivity.? For instance, Klyushin et al.?® evidenced
the benefits of metal-support interactions for the CO oxidation reaction catalysed by Au nanoparticles
supported on TiO2. Similarly, Bruix et al.?” showed an activity enhancement for the water gas shift reaction
(WGSR) on Pt clusters anchored over a ceria support that was due to metal-support interactions. Moreover,
in a recent study, Prats et al.?® showed the interplay between the metal and the support for the WGSR on Au
clusters supported on molybdenum carbide using a multiscale approach. Clearly, catalysis design can benefit
from the use of metal-support interactions that open new opportunities for the generation of tailor-made

materials.

Coming back to the case of CO2 activation, experiments under well controlled conditions showed that

Ni clusters supported on titanium carbide (TiC) exhibit a high activity towards CO2 hydrogenation?® with a
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noted selectivity towards CO production, although the underlying chemistry is essentially unknown. In part,
this is due to the complex network of reactions that are involved in this apparently simple reaction where
direct dissociation of CO2 and Hz competes with hydrogen-assisted CO2 dissociation to CO and COOH
formation, that eventually leads to a small amount of methanol. On extended surfaces of nickel, the products
of the hydrogenation of CO2 can be CO, methanol, methane, other light alkanes, and coke. Thus, the high
selectivity seen on Ni/TiC(001) for the production of CO is remarkable.?°

Recent work has shown that TiC(001) and TiC powders can storage large amounts of hydrogen that
are available for any hydrogenation process.?® Thus, in Ni/TiC(001), one has a catalyst in which the properties
of the carbide and metal-support interactions may be responsible for the high selectivity seen during CO2
hydrogenation.?® Furthermore, in this system, the reactivity also depends on the size of the supported metal
particle, being small two-dimensional (2D) supported clusters more active than larger three-dimensional (3D)
clusters.?® This is likely due to differences in the electronic distribution of the supported 2D and 3D Ni clusters
induced by the TiC support. Precisely, a recent study has shown that Ni clusters bind stronger over TiC than
over different reducible and non-reducible metal oxides.3® This study also revealed that 3D clusters should be
easier to form and are more stable, which can be beneficial for catalysis, provided the morphology of the
supported clusters can be controlled. The clear influence of the particle size and morphology further
complicates the situation and calls for modelling studies where the different effects can be studied separately.
To contribute to disentangle this problem, we have studied the size and morphology effect of supported nickel
clusters on the adsorption and dissociation of CO2 and Hz. This is a necessary step before selecting an

appropriate catalytic model to thoroughly study the CO2 hydrogenation reaction by a multiscale approach.
2. COMPUTATIONAL METHODS AND MATERIAL MODELS

The adsorption and dissociation of CO2 and H2 on a series of models representing a variety of Ni clusters
supported on TiC (vide infra) were studied by means of density functional theory (DFT)-based calculations
using periodic models. All calculations described in the present work were carried out by means of the Vienna
Ab Initio Simulation Package (VASP) code3'-3 where the valence electron density is expanded in a plane
wave basis set, as indicated below, while the effect of the core electrons on the valence electron density is
represented by the projector augmented wave (PAW) method.3* Spin-polarization has been considered for all
the systems containing Ni, in order to account for its magnetic properties arising from its incomplete
occupation of the 3d shell. All DFT calculations were carried out using the nonlocal BEEF-vdW exchange
correlation functional® that includes dispersion effects. The reason for this particular choice comes from
several benchmark studies showing that it provides better agreement with available experimental data than

other commonly used functionals.3>-37

The different systems representing Ni clusters supported on the TiC(001) surface were modelled by a
(NxM) supercell containing four TiC atomic layers plus the Nis, Nig, Ni13 and Niis clusters as shown in Figure
1. In these systems, we change the number of atoms in the cluster and consider configurations in which all the
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nickel atoms are in contact with the carbide substrate (maximizing metal-support interactions) or have a 3D
configuration where some of its atoms do not touch the support. For comparison, the interaction of CO2 and
H2 with the Ni(111) and TiC(001) surfaces were also considered with data calculated here using the same
computational approach and compared to previous values in the literature.?%3 Regarding the models for the
supported clusters, one should be aware that several near degenerate structural isomers may be present,
especially at operating conditions.®>#% However, the focus of the present work is on the effect of cluster size
and shape (2D versus 3D atomic structures) rather than a complete study of the reactivity of different isomers
for each supported cluster. This will shed light on important aspects of a complex reaction network by guiding
appropriate catalysts models that, even if not perfect, are realistic enough to provide physically meaningful

insights about the molecular process by subsequent multiscale simulations.

The size of the supercell was large enough to avoid spurious interactions between periodically repeated
species. Similarly, a vacuum width of at least 12 A was used to minimize spurious interactions between
periodically repeated slabs in the vertical direction. In all calculations at least the outmost TiC atomic layer,
the nickel cluster and the adsorbed species were allowed to fully relax, while the other TiC layers were fixed
to provide a bulk environment to the surface region. A cutoff energy of 415 eV was set for the plane wave
expansion while the Monkhorst-Pack*! k-point mesh was varied depending on the surface model used. The
specific values used for each surface model are summarized in Table S1 in the supporting information (SI).
The electronic energy convergence criterion was set to 10-° eV, while atomic positions were allowed to relax
until the forces acting on the atoms were smaller than 0.01 eV AL Note that for calculations in which
convergence problems have aroused, we have ensured that the electronic energy does not vary more than 10
3eV.

Transition states (TS) structures were located using the climbing-image nudged elastic band method
(CI-NEB).*>#* The initial guesses for the employed intermediate images were generated using the image
dependent pair potential procedure** as implemented in the Atomic Simulation Environment (ASE) package.*
Vibrational frequency analysis was carried out to ensure that all TS have only one imaginary frequency
whereas for adsorbed species all frequencies were positive thus corresponding to real minima on the potential
energy surface. The calculated frequencies were also used to compute the zero-point energy (ZPE)
contribution to the energy of all adsorbed species. The energy of gas-phase molecules was calculated by
placing a single molecule in a box of dimensions 9 x 10 x 11 A%and considering the T" point only. Then, the

adsorption energy of the considered i species was calculated as follows:
Eads,i = Ei,slab — Egiap — Ei,g (1)

where E; 54, i the energy of the i species adsorbed over the surface, E,,, is the energy of the relaxed pristine
surface and E;, is the i gas-phase energy. With this definition, favourable adsorption corresponds to

negative E, 4 ; values. Reaction energies (AE,) and energy barriers (AE*) were calculated as:



AE, = Eps — Ejg (2)
AE* = Ers — Ejg (3)

where Ejs, Erg and E¢ are the total energy of the initial, final and transition states, respectively. Note that for
the final states, the co-adsorbed configuration (i.e., CO + O or H + H) was always considered. Unless otherwise

specified, all energy values reported in the present work include the ZPE contribution.
3. RESULTS AND DISCUSSION

3.1 CO2and H2 adsorption on Nin/TiC models. The adsorption energies for CO2 and H2 on the different
sites of the four Nin/TiC different model systems as well as on bare TiC(001) and Ni(111) are shown in Table
1; the most stable configurations are schematically displayed in Figure 2. As shown in Figure 2, a similar
pattern emerges for both CO2 and Hz adsorbed molecules. On the bare TiC(001) and Ni(111) surfaces, the
CO: adsorption energies calculated with the BEEF-vdW functional are of -0.58 eV and -0.15 eV, indicating
chemisorption and physisorption, respectively. It is known that CO: interacts weakly with Ni(111) and with
other surfaces of late transition metals.*¢4” For CO2 adsorption on TiC(001) the reported BEEF-vdW value is
close to the PBE ones reported by Kunkel et al.*® (-0.57 eV) and by Lépez et al.*>*° (-0.61) and slightly smaller
than the PBE-D3 value reported by the same authors (-0.83 eV and -0.85 eV, respectively). The small
difference is clearly due to the different treatment of dispersion in the BEEF-vdW and PBE-D3 approaches,
the latter known to overestimate the adsorption energy. Apart from this small discrepancy, all studies point to
formation of a Csur-CO2 bond giving an adsorption configuration in which the molecule is activated with a
concomitant increase of the C-O bond lengths and appearance of significant O-C-O bending (see Table 1). On
the other hand, Hz has a similar interaction with both TiC(001) and Ni(111), being physisorbed on both

surfaces.

For the Ni cluster supported on TiC(001), the strong metal-support interaction®® generates a charge
redistribution over the Ni atoms that results in much larger adsorption energies for both CO2 and H2 (see
Figure 2). On the Nin/TiC systems, adsorption induces a strong activation of both molecules evidenced by
increased bond lengths and, in the case of COz, a large deviation from linearity (see Table 1). As a curiosity,
C-0O and H-H bond lengths nicely correlate with the CO2 and Hz adsorption energies, respectively; so, the
largest the bond length the largest the adsorption energy, as shown in Figure 3. Regarding the effect of the
supported morphology, those clusters with a 2D atomic structure adsorb CO2 and Hzstrongly than the 3D one.
The reason for this behaviour is simply that the Ni atoms in the 2D clusters are more affected by the underlying
TiC support than those of the supported 3D clusters where there are Ni atoms that are not in direct contact
with the support and, consequently, much less affected. This is a general trend already observed for other
metallic particles supported on TMCs.?15 Within 2D clusters, adsorption energies slightly increase with
particle size, which can be attributed to the lower energy penalty for structure reconstruction upon adsorption

on Ni/TiC compared to Ni4/TiC and Nio/TiC.?! Interestingly, the topmost hollow site of Ni1s/TiC does not



adsorb CO2 nor Hy, as this site closely resembles the four-fold hollow site of the Ni(100) surface that is known

to interact poorly with COz, but it can interact significantly with H2.52

To have a better perspective of the different interactions involved in the H2 and CO2 adsorption with
the different Nin cluster supported on TiC, it is interesting to compare with other studies of similar systems
either involving TiC(001) surfaces doped with metals*>* or other supported metals on TiC(001).205354 A
comparison with these previous works shows that Nin/TiC(001) systems are really attractive as they interact
stronger with H2and COz. For instance, for Hz adsorption, Florez et al.>® reported adsorption energy values of
0.01 and -0.04 eV for the Au4/TiC and Aug/TiC systems, respectively. These values were obtained using a
different but quite similar functional —PW291 without including dispersion— but, in any case, are significantly
smaller than the BEEF-vdW calculated values for the Nis/TiC and Nio/TiC systems (-0.34 and -0.35 eV,
respectively). Note that Florez et al.>® also reported an Hz adsorption energy of -0.48 eV on the bare TiC(001)
surface, which is larger than the present calculated value (-0.01 eV). An analysis of the involved structures
shows that the value reported by Florez et al.>® corresponds to a nearly dissociated structure with a H-H
distance of 1.73 A, as specified by the authors, whereas the present calculations clearly find a physisorbed H2
molecule. Clearly, the lack of dispersion in the PW91 functional used by Florez et al.>® is the reason why the
physisorbed species was not detected in the calculations. In a subsequent work, Gomez et al.> studied the
adsorption of H2 on a series of M4/TiC systems (M = Pd, Pt, Cu, Ag and Au). They used the same PW91
functional, again without including dispersion, and found an almost negligible Hz adsorption energy on the
Cus/TiC, Ag4/TiC and Au4/TiC systems. Oppositely, they found a stronger adsorption energy for the Pd4/TiC
and Pta/TiC systems (-0.70 and -0.87 eV, respectively). In spite of the use of a density functional neglecting
dispersion, the trends are physically sound and can be safely compared to the present BEEF-vdW values. The
present value for the Hz adsorption energy on Nis/TiC of -0.34 eV is clearly in between the values for coinage
and Pt-group metals. Moreover, both Pd4/TiC and Pt4/TiC exhibit a rather large energy barrier for dissociation
(vide infra), which makes Ni4/TiC more attractive for Hz dissociation as discussed more in detail in the next

section.

Regarding CO: adsorption, as mentioned above, it is known that the molecule interacts weakly with
Ni(111) and with other surfaces of late transition metals.*¢4" It is interesting to compare to the results reported
by Lopez et al.*>° who studied the effect of doping the TiC(001) surface with different kinds of metals. In
particular, these authors first considered the situation where one surface Ti atom is replaced by another
transition metal atom chosen from the list of those that are commonly present in TMCs such as Zr, Hf, V, Nb,
Mo, Cr, Ta and W. They found that the highest CO2 adsorption energy corresponded to the Hf and Zr doped
systems, with PBE adsorption energies of -0.96 and -0.93 eV, respectively. In both cases, CO2 adsorbs via a
Csurt-CO2 bond with one of the oxygen atoms pointing to the dopant. In a following study, these authors
increased the set of doping atoms so as to include Mg, Ca, Sr, Al, Ga, In, Si, Sn, Pd, Pt, Rh, Ir, La and Ce, and
found that, among all dopants studied, the Sr and Ce doped systems exhibited the largest adsorption energy.

However, they also found significant differences in the bonding mechanism; CO: interacts directly with Ce
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dopant resulting in a PBE adsorption energy of -1.10 eV but in the case of Sr the bonding mode does not
involve such direct interaction and the reported PBE adsorption energy was -1.22 eV. However, these values
are still slightly smaller than those of the 2D Nin/TiC systems of -1.37, -1.41 and -1.49 eV for the Ni4/TiC,
Nio/TiC and Niw/TiC systems, respectively, although these include dispersion through the BEEF-vdW
functional. Note that in the present calculations the bonding mode implies a clear direct interaction between
the CO2 molecule and the Ni atoms of the nickel clusters. Finally, Rodriguez et al.?® reported CO2 adsorption
energies of -1.11, -0.59, -0.68 and -0.37 eV over Cus/TiC, Au4/TiC, Cuo/TiC and Aug/TiC, respectively, also
lower than 2D Nin/TiC systems. Even if these values have been obtained with the PW91 functional and, hence,
neglect dispersion, it is clear that the Ni clusters supported on TiC are more active to adsorb CO: than those
of Cu and Au on the same support. It is also worth noting that for the 3D coinage clusters supported on TiC,
the interaction of CO2 with the uppermost layer was negligible as we have observed for Niws/TiC. Note that
previous studies do not include the ZPE contribution term although its contribution to the adsorption energy

is of the order of 0.02 eV or less.

3.2. COz2and H2 dissociation on Nin/TiC models. The dissociation of CO2 and Hz on the present models is
rather complex since both adsorbates interact with a rather similar strength on different sites. Thus, we have
considered all possible reaction pathways, which are listed in Table S2 in the SI. Table 2 reports the reaction
energies and energy barriers for the pathways exhibiting the lowest energy barrier. The highest dissociation
energy barriers for both CO2 and Hz correspond to the bare TiC(001) and Ni(111) surfaces with Ni(111)
predicted to be slightly more active than TiC(001) for CO2 and H: dissociation. Note that Ni(111) surface
activity will be limited by the weak CO2 and H2 adsorption, in agreement with experimental trends.*’ Likewise,
one must point out that, during the hydrogenation process, the dissociation of the CO2 molecule can occur
either spontaneously or assisted by hydrogen adatoms arising from a previous Hz dissociation step. These
constitute the initial steps of a complex reaction network (see Ref. 38) ultimately determining the selectivity
of the process with the possible products being CO, methanol, CHa4 or other light alkanes, and coke. Therefore,
to better understand the underlying chemistry, it is convenient to focus first on the adsorption and dissociation

of COz2and Hz, and this is precisely the aim of the present work.

For the Nin/TiC models, the strong metal-support interactions result in moderately low energy barriers
for COz2 direct dissociation with values in the 0.35—0.83 eV range. Moreover, the process is clearly favoured
over the 2D supported clusters and, as these adsorb CO:2 stronger, they are suitable candidates for CO2
conversion. Note also that CO:2 dissociates with similar energy barrier on all the considered different sites of
the 2D supported clusters, but this is not the case of 3D clusters (see Table S2 in the SlI). Results in Table 2
also indicate that, for the 2D clusters, the CO2 dissociation energy barrier slightly decreases with cluster size.
These minor differences are also observed for the adsorption strength and are rationalized as a smaller
reorganization of the supported cluster atomic structure in the largest ones. The energy barriers are even
smaller for Hz dissociation with values as low as 0.02—0.11 eV. Contrarily to what is observed for H2

adsorption, there is no clear trend relating the Nin/TiC atomic structure and the corresponding energy barrier
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for Hz dissociation. However, 2D clusters emerge as excellent candidates for hydrogenation reactions given
their very low energy barriers and rather strong Hz adsorption. Note that the H2 dissociation mechanism on all
supported clusters is very similarly irrespectively on the adsorption site (see Table S2 in the Sl). As a final
remark, one should mention that the good H: dissociation capacity and the ability of TiC(001) to pack large
coverages of hydrogen, makes Nin/TiC systems really attractive for hydrogenation reactions. Therefore, under
regular pressures of Hz, H atoms could migrate from Nin clusters to the TiC(001) surface, producing a large

H reservoir that could be useful for hydrogenation reactions.

It is interesting to compare the present results with other studies for different metal clusters on the
same support.205354 Clearly, the Nin/TiC(001) systems are more attractive for CO2 hydrogenation as the small
energy barrier for Hz dissociation is accompanied by a rather strong CO2 adsorption although a systematic
study is needed involving all possible intermediates, typically COOH and HCOO, and the subsequent
evolution either to CO or methanol. This study is out of the scope of the present work but will be the focus of
future studies. Regarding the comparison to previous works, Florez et al.>® studied the H2 dissociation reaction
over Aus, Aug and Auis clusters supported on TiC(001) surface and considered also the pristine TiC(001)
surface. They used the PW91 exchange-correlation functional and did not include dispersion meaning that, as
for many of the preceding discussions, a meaningful comparison should focus on trends rather than absolute
values. Similar to the present results for the 2D supported Ni clusters, Hz dissociation on the 2D supported Au
cluster was found to involve very small energy barriers (0.08 and 0.20 eV for Au4/TiC and Aud/TiC,
respectively). However, for the 3D Au1s/TiC system the energy barrier was found to be much higher than that
reported here for Niw/TiC; 0.99 and 0.11 eV, respectively. Therefore, while both 2D Au and Ni clusters
anchored over TiC(001) are very attractive for hydrogenation reactions, Nin/TiC appears as a more robust
candidate because, in practice, a control of the supported cluster morphology can be extremely challenging
and, at high metal coverage, 3D clusters become predominant. It is also interesting to compare the present
results with those reported by Gomez et al.> for the catalytic activity of M4/TiC (M = Pd, Pt, Cu, Ag and Au)
systems towards H2 dissociation. Their calculations with the PW91 functional found that the H2 dissociation
energy barrier follows the order Pt > Ag > Pd > Cu > Au; again, the absolute values of 1.16, 0.79, 0.53, 0.37
and 0.08 eV, respectively, should not be compared while the trend is for sure meaningful. Thus, among the
different M4 supported clusters studied, Nis/TiC and Aus/TiC exhibit the lowest energy barriers. Concerning
CO:2 dissociation, Rodriguez et al.?° reported a PW91 dissociation energy barrier of 0.81 eV on Cu4/TiC, which
is significantly larger than our BEEF-vdW calculated value of 0.55 eV for Ni4/TiC. In addition, the adsorption
energy of CO2 on Cus/TiC (-1.11) is smaller than on Nis/TiC (-1.37 eV). Therefore, Nin/TiC systems are
predicted to be more active that the Cun/TiC and Aun/TiC systems, which nicely agrees with experimental

findings.?

CONCLUSIONS



The adsorption and subsequent dissociation of CO2 and Hz has been studied for a series of 2D and 3D
Ni clusters supported on TiC(001), using suitable periodic models and density functional calculations with the
BEEF-vdW exchange-correlation functional including dispersion. The 2D clusters contained 4, 9, and 16 Ni
atoms whereas Nii3 was selected as representative of the 3D ones. For compassion, bare Ni(111) and TiC(001)
surfaces were also considered so that all systems have been studied using exactly the same computational
approach. The present study allowed us to reach firm conclusions regarding the effect of the cluster size and

of metal-support interactions on the catalytic activity of these novel systems.

The present systematic study shows that both CO2 and H2 molecules adsorb in general on Nin/TiC(001)
stronger than on the bare Ni(111) and TiC(001) surfaces, with dissociation energy barriers that are quite low
and smaller than for these two extended surfaces. The present results also indicate that the 2D supported
clusters adsorb CO2 and H2 stronger and dissociate CO2 easier than the 3D supported clusters. In all studied
Nin/TiC(001) models, Hz dissociates with very low energy barriers with no clear trend. We also show that, for
the supported 2D clusters, the larger particles feature slightly stronger adsorption energies and lower CO2
energy barriers, although the differences are minimal. These minor differences are attributed to the fact that
the larger clusters exhibit a smaller atomic reorganization when the molecule adsorbs and, eventually,
dissociates. A comparison with previous studies on similar systems shows that Nin/TiC(001) systems are more
attractive for CO2 and H2 dissociation than metal-doped TiC(001) surfaces and other metal clusters supported
on TiC(001).
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Table 1. CO2 and H2 adsorption energies (including the ZPE term), C-O bond lengths (dc-0), H-H bond lengths
(dn-H) and O-C-O bond angles (bo-c-0), for the most stable adsorbed sites for H2 and CO2 over the different

surface models. Note that except in Ni1s/TiC(001), the Ni supported clusters have a 2D atomic structure.

CO;

Model site Eas / €V dco/A Boc.o/°
Ni(111) @ tNi -0.15 1.18,1.18 180
TiC(001) tC -0.58 1.29,1.29 128

Nis/TiC(001) hNi -1.37 1.35,1.28 122
Nig/TiC(001) hNiy -1.36 1.36,1.29 119
Nig/TiC(001) hNi, -1.41 1.36,1.29 119
Ni;3/TiC(001) tNi2 -0.47 1.28,1.28 130
Ni;3/TiC(001) tNis -0.48 1.24,1.26 138
Ni16/TiC(001) hNiy -1.49 1.36, 1.29 117
Ni16/TiC(001) hNi, -1.45 1.37,1.29 118
Ni16/TiC(001) hNis -1.45 1.35,1.28 120
H>

Cluster site Eass / €V din / A
Ni(111)? bNi -0.02 0.74
TiC(001) t™M -0.01 0.74
TiC(001) tC -0.01 0.74

Ni4/TiC(001) tNi -0.34 0.83
Nig/TiC(001) tNi; -0.30 0.86
Nig/TiC(001) tNi, -0.35 0.85
Nig/TiC(001) tNis -0.33 0.83
Ni13/TiC(001) tNi2 -0.01 0.82
Nis/TiC(001) tNis -0.12 0.82
Ni;3/TiC(001) tNi -0.12 0.83
Nis/TiC(001) tNi -0.40 0.84
Ni16/TiC(001) tNi; -0.40 0.84
Ni16/TiC(001) tNis -0.42 0.83

2The Ni(111) values were taken from ref 38.
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Table 2. CO2 and H: reaction energy (AE, ) and forward and reverse energy barriers (AE;';,,0 and AE7,, o,
respectively) over the most probable sites for reaction of the different considered Nin/TiC models with Ni(111)
and TiC(001) included for comparison. Note that except Nis/TiC(001), the Ni supported clusters have a 2D
atomic structure. All energy values were obtained with the BEEF-vdW functional and include the ZPE

contribution

CO;

Model Reaction AE,oleV AEf, leV AEY,,  leV
Nis/TiC(001) COzpmni= COmi+Omn  0.03 0.55 0.52
Nio/TiC(001) COzmi= COmni+ Otriz 0.25 0.52 0.27
Nis/TIC(001) COgzmiz = COmwiz + Ortrin -0.39 0.83 1.22
Nis/TiC(001) COgznniz = COnnit + Onniz -0.68 0.35 1.03

Ni(111) CO210p = COngp + Ortee -0.57 0.86 1.43
TiC(001) CO2ic = COtc + Onmmc -0.06 1.03 1.08
H>

Model Reaction AE,oleV AEf,,leV AEZ,./eV
Nis/TiC(001) Hzmi = Honi + Honi -0.60 0.08 0.68
Nig/TiC(001)  Hamiz = Hini + Hni -0.95 0.02 0.97
Niss/TiC(001) Hamiz = Hiniz + Hiniz -0.51 0.11 0.62
Nie/TiC(001)  Hamis = Honis + Honie -0.44 0.07 0.52

Ni(111) Hazoni = Hiee + Hip -0.31 0.28 0.59
TiC(001) Ham = Hic + Hic ® -0.50 1.07 157

2 Note that this process occurs in two steps, as shown in Ref. 55. Thus, the energy barrier is calculated with
respect to the TS with the highest energy. See Table S2 in the Sl for information about the energetics of each
of the two-steps.
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Figure 1. Side and top views of the 6 different surface models studied. Top view contains the label of the
different considered adsorption sites. Light blue, grey and green colours are used for titanium, carbon and

nickel, respectively.
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Figure 2. H2 and CO2 adsorption energies over different surface models. The ZPE term is included. The

adsorption energies on Ni(111) were taken from ref. 38.
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Figure 3. Correlation between the adsorption energies for Hz (left) and CO2 (right) and the H-H and C-O
bond lengths, respectively.
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