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Metals supported on transition metal carbides are known to exhibit good catalytic activity and
selectivity, which is interpreted in terms of electron polarization induced by the support. In the present
work we go one step farther and investigate the effect that a titanium carbide (TiC) support has on the
structural, electronic, and magnetic properties of a series of Ni nanoparticles of increasing size
exhibiting a two- or three-dimensional morphology. The obtained results show that three-dimensional
nanoparticles are more stable and easier to form than their homologous two-dimensional counterparts.
Also, comparison to previous results indicate that, when used as support, transition metal carbides have
a marked different chemical activity with respect to oxides. The analysis of the magnetic moment of
the supported nanoparticles evidences a considerable quenching of the magnetic moment that affects
mainly the Ni atoms in close contact with the TiC substrate indicating that these atoms are likely to be
responsible for the catalytic activity reported for these systems. The analysis of the electronic structure
reveals the existence of chemical interactions between the Ni nanoparticle and the TiC support, even

if the net charge transfer between both systems is negligible.
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Introduction

Heterogeneous catalysed processes play an essential role in the chemical industry as over 90 % of the
chemical manufacturing processes of the world are based on this technology.! Catalysis is also at the
heart of strategies aimed to mitigate the climate change emergency that calls for a switch from fossil
fuels towards green energies.? Unfortunately, covering the global energetic demand through these
new energy sources it still out of reach. Consequently, considerable attention is paid to the catalytic
chemical conversion of greenhouse gases such as CO, and CH,4 to added-value chemicals of industrial
interest, thus creating a cyclic energetic economy. Here new heterogeneously catalysed processes are

necessary and they are currently the focus of considerable research endeavours.

The commonest industrial catalysts are constituted of small to medium size metallic
nanoparticles, often from scarce precious elements, anchored on some type of support, usually on metal
oxides, sulphides or zeolites.! Due to its relatively high activity and low cost compared to noble metals,
Ni-based catalysts are extensively used for CO, hydrogenation reaction leading to CO, CHy or
methanol.*? Ni catalysts are also used in the steam and dry reforming of methane reaction.!?-!> These
catalysts usually involve nickel nanoparticles supported over different metal oxides.*%10-15 In
principle, the role of the support goes to disperse the metallic nanoparticles and thus to increase the
effective surface area. However, there is increasing evidence that the role of the support goes well
beyond this simple picture. There is compelling evidence that the metal support interactions can be
detrimental as in the so-called strong metal support interactions (SMSI) introduced by Tauster.!6-18
These were finally understood as capping of the metal nanoparticles by support islands as a result of
prolonged exposure at high temperature thus leading to a concomitant decrease in the number of active
sites. There is also evidence that the metal-support interactions can be beneficial as shown by Bruix et
al.! for the water gas shift reaction (WGSR) on a model catalyst consisting of Pt nanoparticles
supported on ceria and by Klyushin et al.?® for the CO oxidation on Au supported catalyst. However,
one must advert that carbides interact with metals much stronger than oxides with the direct formation
of a strong bond between the Ni particle and the TiC support (see below) that produces a noticeable
electronic perturbations on the supported particle. Precisely, the intricate interplay between the metal
and the support has been recently shown through extensive kinetic Monte Carlo simulations on the
water gas shift reaction on Au nanoparticles supported on MoC that highlighted the role played by
every part of the catalyst.?! The number of cases evidencing a possible active role of the support is
increasingly growing and it is now clear that metal support interactions can be used to tune a specific
activity and selectivity.?? Clearly, this requires a detailed description of the mechanism of the catalytic

reaction that includes both metal and support. In this sense, a complete understanding of the metal-
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support interactions is necessary to fully exploit this phenomenon and many research articles focus

precisely on the properties of nickel nanoparticles supported on metal oxides.?3-3!

In principle, when designing novel catalysts, metal-support interactions can be used to modify
the chemical properties and the dispersion of a metal, but it is necessary the use of supports which are
truly active in the binding of the metal. Among the possible materials that can be used as supports in
catalysis, transition metal carbides (TMCs)*? have emerged as a good alternative (vide infra) to oxide
surfaces, which usually need defects or O vacancies to interact well with a dispersed metal. TMCs
have long attracted the attention of the catalysis community since these materials combine physical
properties of three different classes of materials. They present the extreme hardness peculiar of
covalent solids, the excellent electric and thermal conductivity of a metal and the high melting points
usual of ionic crystals.?>33 TMCs have been proposed as alternative catalysts to noble metal because
they display catalytic activities similar or even better than Pt-group metals.3*37 These materials are
also increasingly investigated in electrocatalysis, both in the hydrogen evolution’®4! and oxygen
reduction*? reactions. As mentioned above, TMCs have been rather recently introduced as possible
supports for metallic nanoparticles displaying good activity and selectivity. In particular, Au
nanoparticles supported on TiC, but also Cu and Ni supported on TiC and on other TMCs such as MoC
and Mo,C, have been shown excellent activity in desulfurization processes,**-*’ O, dissociation,*3-3
H, dissociation,’! CH, dissociation,>> CO, hydrogenation®-* and WGSR.?! It is worth emphasizing
that Ni nanoparticles on TiC have shown good activity for CO, conversion,> although many details
of the mechanism remain unknown, starting with the effect of the TiC support on the atomic and
electronic properties of the Ni nanoparticles. This, at variance with other cases that have been
previously studied,’®® introduce new aspects related to the magnetic properties arising from
incomplete 3d shells. Ni nanoparticles are attracting a lot of attention for the hydrogenation of CO,
because, in addition to being non-expensive, depending on their size and interaction with the support
they can yield CO, CHy, higher alkanes or methanol as the main reaction product. Thus, one has a

system which can be catalytically tuned in terms of activity and selectivity.

In the present work, we investigate the interaction between nickel nanoparticles and a TiC
support and compare to previous studies focusing on other metallic nanoparticles on the same TiC
support. We also compare the present results with those reported previously for nickel nanoparticles
supported on metal oxides. From this comparison, new features emerge that may help to develop new
and more efficient catalysts for greenhouse gas conversion. In particular, the choice of magnetic
nanoparticles turns out to be especially useful as it reveals that the metal atoms at the interface are

likely to be responsible for the catalytic activity that has been reported for these systems.
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Computational details and surface models

The interaction between different types of two-dimensional (2D) and three-dimensional (3D) Ni
nanoparticles and the TiC(001) surface has been investigated by means of density functional theory

(DFT) based calculations applied to suitable periodic models that are described in detail below.

All calculations have been performed using the Vienna Ab Initio Simulation Package (VASP)
code 3%-%! where the valence electron density is expanded in a plane wave basis set and the atomic cores
are represented by projector augmented wave (PAW) method.®> The BEEF-vDW exchange correlation
functional,® that includes non-local correlation and dispersion effects, has been chosen since several
benchmark studies 63-6°> have shown that it provides a better agreement with the available experimental
data than other typical functionals. Except for the bare TiC surface model, spin-polarization is always
taken into account, a requirement due to the existence of magnetic moments in the nickel atoms arising

from its incomplete occupation of the 3d shell.

The TiC(001) surface has been modelled by a slab supercell model including four atomic
layers. In the past, a slab of this thickness has shown to be useful for studying of the interaction of
metals and molecules with the TiC(001) substrate.*** Depending on the size of the supported Ni
nanoparticles, different supercell sizes have been used to avoid interactions between periodically
repeated nickel nanoparticles. In a similar way, a vacuum width of at least a 12 A has been used to
minimize spurious interactions between periodically repeated slabs in the perpendicular direction to
the surface. In all calculations, a cut-off energy of 415 eV has been used for the plane wave expansion,
while the size of the Monkhorst-Pack$” k-points mesh used for sampling the first Brillouin zone has
been varied adapted to the size of the slab supercell as explained below. The electronic energy
convergence criterion has been selected to 103 ¢V while the geometry optimization (ionic relaxation)
has been iterated until all forces acting on atoms were smaller than 0.01 eV A-!. For all the calculations
nickel nanoparticles were allowed to fully relax in the geometry optimization calculations, while the

number of titanium carbide layers able to relax varied depending on the surface size.

Five different slab models consisting of a titanium carbide surface with adsorbed nickel
nanoparticles have been considered. These include three 2D nickel nanoparticles (Nig, Nig and Niye)
and two 3D (Ni;; and Ni,g) nickel nanoparticles. For the smallest (Nig), medium (Nig and Ni3) and
largest (Ni;¢ and Niyg) supported nickel nanoparticles considered in the present work. Several sites
were explored for the supported particles with Ni atoms on top of Ti, on top of Ti-Ti bridge sites and

on top of C, the latter being the most stable, as expected, with the final structures obtained being in
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line with other theoretical and experimental observation for Au nanoparticles supported on TiC.4647
Note that the focus here is in the electronic properties of the supported clusters similar to those that are
observed by STM, thus neglecting dynamic aspects that can lead to sintering. This is no doubt an

important issue that is out of the scope of the present work.

The TiC(001) surface has been modelled with a 3 X3, 4 x4 and 5 x5 TiC supercell,
respectively. The Monkhorst-Pack®” k-point mesh used on the calculations was (5 X 5 X 1), (3 X 3 X
I)and (1 X 1 x 1) for the small, medium and large supercells, respectively. For the small and medium
size models the two bottom layers have been kept fixed in their bulk positions, while for the larger
slabs the three bottom layers have been kept fixed. This is justified as the calculations for the small
and medium supercells do not show significant relaxation of the subsurface atomic layers. The
remaining outermost layers and the nickel nanoparticles have been allowed to fully relax during the
geometry optimization calculation. The calculations for the isolated Ni, nanoparticles were carried out
placing the nanoparticles in an asymmetric box at the I'-point. The dimension of the box is (11 X 12 X
13) A3, (13 x 14 x 15) A3 and (17 x 18 x 19) A3 for the smallest, medium and largest nanoparticles,
respectively. The choice of an asymmetric box is to ensure that the orbital filling does not involves
dealing with near degeneracies. Yet, one must be aware that switching occupied and virtual orbital can
lead to a nearly degenerate electronic state. The initial geometries used for the gas-phase nickel
nanoparticles are those reported as the most stable in previous works.%%% Note that whenever two
different geometries are reported for a given nanoparticle, two calculations have been carried out to
obtain the most stable nanoparticle. For a better rationalization of the metal-support interactions,
pertinent Density of States (DOS) calculations have been done using the smearing method proposed
by Methfessel-Paxton’® with a denser k-point mesh. Finally, a charge density difference analysis has
been carried out by means of the VESTA software;”! this turns out to be an excellent way to quantify

charge transfer between the metal and the support.

Several different properties related to the gas-phase and adsorbed nanoparticles have been

investigated. First, we consider the cohesive energy (E,5) of the gas-phase Ni, nanoparticles defined

as in Eq. (1),

Eni,

Econ= T_ENi (1)

where Ey; is the energy of the gas-phase Ni, nanoparticle and E; is the energy of the isolated nickel

atom in gas-phase. The adsorption energy (E,45) of the Ni, nanoparticles has been calculated as in Eq.

2),
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Eaas = Eni,—1ic — Eni, — ETic ()

where Ey; _ric is the energy of the supercell containing the nickel nanoparticle adsorbed on the TiC
surface and E7;¢ is the energy of the relaxed pristine TiC(001) surface. Note that with this definition,
the more negative E 4, the stronger the interaction. Finally, the adhesion energy (E ,45) 1s calculated

as follows:
Eadh = ENin —TiC — ENin, opt geom — ETiC, opt geom (3)

where En; opt geom a0d ETic, opt geom are the energies of the isolated nickel nanoparticle and of the
isolated surface both at the optimized geometry upon adsorption, respectively. Here, as for E 4, the
more negative E gy, the stronger the interaction. It is work pointing out that the adhesion energy is
normally reported per unit area assuming that the interaction is merely due to the atoms in direct
contact with the surface. Here, we report the adhesion energy per number of nickel atoms in direct
contact; thus, representing the same magnitude. Note that the adhesion energy could be described also

as
Eqan= Eqas — EY) — E$¢f = Egqs— E% (4)

where E Id\ﬁ{ and E$¢f are the deformation energy of the Ni, nanoparticle and the deformation energy of
the TiC carbide surface upon adsorption; the sum of the two contributions is denoted as E%¢/. For
comparison, the adsorption, adhesion and deformation energies will be reported normalized per atom

in contact with the surface.
Results and discussions

Gas-phase Ni, nanoparticles were optimized using as initial guesses previously available data®®-%° and
whenever two different structures were reported, optimization of both structures was done to obtain
the optimum structure. The most stable gas-phase nanoparticles are presented in Figure 1 and structural
details are given in Electronic Supplementary Information (ESI). The results show that even the
smallest gas-phase nickel nanoparticles adopt a 3D conformation. This is not always observed for all
the transition metals as it is known that small Cu and Au clusters exhibit a planar conformation.3¢-68
The cohesive energy of all gas-phase nickel nanoparticles are summarized on Table 1, where values
for fcc bulk Ni are included for comparison. In fact, the calculated bulk cohesive energy agrees with
the experimental value,’? which is in line with previous results obtained using GGA, meta-GGA and
hybrid density functionals.”>74 Moreover, as expected, the cohesive energy nicely converges to the

bulk value with the nanoparticles increasing size. Another important property of the Ni nanoparticles
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is their magnetic moment, which is reported in the leftmost column of Table 2. The total magnetic
moment increases with the number of Ni atoms, as expected. A more interesting magnitude is the
magnetic moment per Ni atoms; this is largest for the smallest Niy cluster but converges quite fast
towards the bulk values. The convergence to the bulk value is because the largest the average
coordination number the lowest the average magnetic moment, and as the gas-phase nanoparticle
grows, the average coordination number increases. As expected, the calculated magnetic moments are

in good agreement with previous studies®®%° since the gas-phase geometries were already very similar.

In general, the deposition of a metal particle on a support could induce modifications in its
structure as a consequence of strong metal-support interactions, which might overcome the effects of
metal-metal bonding. In our study, the metal-support interaction has been studied for the five different
nickel nanoparticles already described, which ranges from small to medium experimental sizes,
adopting 2D and 3D morphologies. The reason for this particular choice is that experimental evidence
shows that at low coverage, transition metal nanoparticles adsorbed over TMCs tend to acquire planar
structures, while for larger coverages they become 3D.#7-3 The structure of the adsorbed nanoparticles
is displayed in Figure 2 and reported in the ESI. In all cases the Ni nanoparticles adsorb with the metal
atoms above the C atoms of the TiC support, acquiring a distorted morphology but exhibiting clearly
(001) facets. The smallest nanoparticles are flat, in line with the shape observed for small Au-TiC and
Cu-TiC,*#47:48:3657 and as the size increases they become 3D as observed for the Au-TiC system.*7-3
Particularly, the Ni;¢ nanoparticle has two metastable atomic configurations with a difference of 0.05
eV in the total energy difference only. One of the isomers exhibits a square shape and (001) facets and
the structure of the second one can be understood as the aggregation of four Niy nanoparticles; hereafter
this second structure will be denoted as Nij¢ .. Therefore, the structures of Ni nanoparticles supported
on TiC do not follow the trend observed for metal oxide supports such as ZrO,, TiO,, CeO, and MgO,
where 3D structures have been reported even for small nanoparticles,?3-2>-28-31 with the bottom nickel
atoms interacting mostly with the oxygen atoms of the surface. Nevertheless, Mao et al.3! did not find
remarkable stability differences for the Ni, flat and Niy 3D nanoparticles adsorbed over CeO, though

the 3D nanoparticle was found to be the most stable.

Next, we discuss the adsorption, adhesion and deformation energy per atom in contact with the
surface as defined in the previous section and summarized in Table 3. Note that with this definition we
consider that the Ni atoms in direct contact with the TiC surface are those contributing mainly to the
adsorption and adhesion of the overall nanoparticle. From Table 3 it can be seen that the larger the
number of Ni atoms in similar structures (2D or 3D) the lower the adsorption energy. Besides, a more

pronounced change on the adsorption energy when increasing the size of the nanoparticles is found for
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the 2D structures than for the 3D structures. The first observation could be rationalized because the
larger the gas-phase nanoparticle the more stable it is with a concomitant decrease on the bonding
capability. On the contrary, the smaller the nanoparticle the larger its bonding capability. The second
observation could be understood as the energy required to reorganize the nanoparticle structures being
larger for the 2D nanoparticles than for the 3D. Compared to other metals on TiC, the calculated
adsorption energy per atom for the Niy nanoparticle is lower than that of Pd4 and Pt4 on TiC but higher
than that of Cuy, Ag, and Auy on TiC reported by Gomez et al.”>, which nicely follow the trend that
Pt-group metals adsorb stronger on TiC than Au-group elements. Note that the adsorption energies
calculated by Gomez et al.” using a GGA (PW91) functional are relative to the gas-phase rhombus
structure, while our calculations are with respect to the tetrahedral structure. This could lead to a
slightly lower Pd,-TiC adsorption energy since the most stable structure on gas-phase is also
tetrahedral.®® It is also interesting to compare the effect of the substrate. To this end, we compare our
calculated adsorption energies for nickel nanoparticles on TiC with those reported for similar Ni
nanoparticles supported on metal oxides. A first noticeable difference is that the interaction of Ni
nanoparticles with the TiC support is stronger than those reported for non-reducible oxides such as
MgO. Giordano et al.?® reported an adsorption energy of the tetrahedral Nigy nanoparticle on MgO(001)
of -1.17 eV atom’!, somehow smaller values were reported by Di Valentin et al.>® for the square planar
Ni4 and the 3D Niy nanoparticles adsorbed over MgO(001); -0.28 and -0.48 eV -atom!, respectively.
The same trend is found for the tetrahedral Niy nanoparticle adsorbed over ZrO, which is also a non-
reducible oxide; the reported adsorption energy was of -0.47 eV atom.?> Not surprisingly, the
adsorption energy becomes larger for a reducible oxide since charge-transfer between the particle and
the adsorbate becomes chemically favoured. Thus, Mao et al.’! and Wang et al.?¢ found that the
adsorption energy of the flat and tetrahedral Ni, nanoparticle adsorbed over CeO, and TiO, were of -
1.34 and -1.00 eV atom! and -1.43 and -1.02 eV atom™!, respectively. Note that, for a better
comparison, all literature values discussed above have been normalized with respect to the number of
Ni atoms that are in contact with the oxide surface. As can be seen from Table 3, the interaction
between Ni nanoparticles and TiC per Ni atom in contact with the surface is even larger than for

reducible oxides.

Regarding the adhesion energy values presented in Table 3, not marked differences are
observed for the different nanoparticle sizes, meaning that the different nanoparticles interact similarly
with the surface, although Niy is the one that has a strongest interaction, hence the highest adhesion
energy. Interestingly, for the cases where the Ni nanoparticle has the same number of contact atoms

with the surface, namely Nig and Nij; or Nij¢ and Niyy, the larger nanoparticle has a slightly higher
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adhesion energy that could be explained because the uppermost atoms add a small contribution to the
interaction with the surface. Concerning the deformation energies, note also that, according to Eq. (4),
it contains two contributions. The major contribution to the deformation energy is mostly related to
the gas-phase nickel nanoparticle while the TiC surface it is almost not deformed. The differences in
the deformation energy contribution of the Ni nanoparticles with respect to the nanoparticle size are
larger than for the adhesion energies. From Table 3 it appears that the Niy nanoparticle is the one with
the smallest deformation energy. This is because, when going from the gas-phase tetrahedral
conformation to the adsorbed rhombohedral conformation, the structural change implies one atom
only. For the larger nanoparticles the number of atoms that have to be reorganized is also larger, hence
the deformation energy increases. Comparing the nanoparticles with the same number of contact
atoms, the 3D nanoparticles have lower deformation energies. Again, this is because the number of
atoms that have to be reorganized is smaller than in the 2D nanoparticles. Compiling all the information
from Table 3 it is concluded that the Ni4 nanoparticles should be the most stable and easiest to form
nanoparticles on top of the TiC surface because they exhibit the largest adhesion and adsorption
energies. Similarly, for those nanoparticles which are different in size but contain the same number of
atoms in contact with the surface, the 3D ones are more stable and easier to form because of the highest
adhesion and adsorption energies. This has implications for the modelling and also to understand the
results of the experiments for CO, hydrogenation on Ni nanoparticles supported on TiC>°. The
variations in the structural properties of the Ni particles open the possibility to different ways to bind
and activate CO,, which could lead to different reaction products in the hydrogenation process (e.g.,

CO, CHy, higher alkanes or methanol).

To complete the study, we focus now on the effect that the support has on the magnetic
properties of the Ni nanoparticles. The interest here is because, in principle, any catalytic reaction
involving radical species can be affected by a change in the spin alignment and magnetic properties of
a metal centre. To disentangle support and structural effects we consider the magnetic moment of three
different structures; the gas-phase Ni nanoparticle (uy; 4), the Ni nanoparticle in the gas-phase but at
the adsorbed geometry (uy;eq), and the Ni nanoparticle adsorbed over the surface (ty;qqs)- The trend
for the gas-phase nanoparticles has already been discussed and we just recall that the magnetic moment
per atom converges quite rapidly to the calculated bulk value, which is also close to experimental value
of 0.6 up.”> Table 2 shows that, in general, the magnetic moments of the Ni nanoparticles at the
equilibrium adsorption structures (fy;eq) are quite higher than the corresponding values in the gas-
phase equilibrium geometry (upy;q). This support effect can be easily rationalized because the

coordination number of the Ni nanoparticles at the supported geometry is smaller than for the gas-
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phase structure. Remarkably, the supported Ni nanoparticles exhibit the lowest magnetic moments (
Uniads)- This is a clear indication of a chemical interaction between the Ni nanoparticle and the support.
This interaction, involving a covalent bonding through Ni(3d) and C(2p) orbitals mixing, is strong
enough to quench the increase of magnetic moment induced by the structural change upon adsorption.
As seen for the other cases, the largest the adsorbed nanoparticle, the lowest the magnetic moment per
atom as the average coordination number of the nickel atoms increases. Note also that the Ti and C
surface atoms of the TiC substrate do not exhibit any magnetic moment, and this does not change upon
adsorption of the nickel nanoparticles. Interestingly, the coordination number effect is also observed
when comparing the Ni¢ and Nij . nanoparticles, the former exhibiting a higher average coordination
number and also a lower magnetic moment. Finally, it is also interesting to point out that for the 3D
nanoparticles, the uppermost atoms have a larger magnetic moment while for the atoms in direct
contact this is lower. This is in agreement with the conclusion above mentioned that the metal-support
interaction induces a quenching of the magnetization of the supported nanoparticle. This conclusion
contrasts with the findings of previous studies for Ni nanoparticles supported on MgO(001). Giordano
et al.?® found that the magnetic moment per atom of the tetrahedral Ni, nanoparticle supported over
MgO was 1.0 ug, the same observed for the gas-phase species. Later on, Di Valentin et al.® reported

a magnetic moment for the flat Niy and 3D Nig nanoparticles adsorbed over MgO to be 1.40 and 0.89 up

, again the same as in the gas-phase nanoparticles. The fact that the values reported for Ni nanoparticles
supported on MgO are higher than the present ones for similar nanoparticles supported on TiC, is a
clear indication of the existence of a chemical interaction between the Ni nanoparticles and the TiC
surface, which is not present when the support is MgO, where the leading interactions are electrostatic

with an expected contribution of dispersion.

To further understand the metal-support interaction we have carried out a Bader analysis’® and
computed the net charge for the Ni atoms in the nanoparticle as well as for the atoms in the support.
Interestingly, there are no relevant changes in the net charges indicating that there is no noticeable
charge transfer between the Ni nanoparticles and the TiC. A similar result was encountered long ago
for the interaction of Au nanoparticles with the TiC surface; no clear sign of charge transfer but a clear
polarization of the Au nanoparticle electron density produced by the support that has a clear fingerprint
in the C(1s) X-ray Photoemission Spectra.’® To further analyse the nature of the interaction between
the Ni nanoparticles and the TiC support we have also obtained the density of states (DOS) and charge
density difference plots. In particular, a local density of states (LDOS) and partial density of states
(PDOS) have been carried out for the clean TiC surface and the Ni,-TiC systems. On the calculations

we have considered the upper layer of the titanium carbide surface and the overall nickel nanoparticles

10
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focussing on the Tizq, C;, and Nizq states, as summarized in Figure 3. From Figure 3 the region near
the Fermi level for the clean TiC is flatter than when the nanoparticle is adsorbed because there are
some Nisq populated states around this region. Moreover, for the Ni,-TiC systems there are some
pronounced peaks near the Fermi level that are related to a mixing of the C,,,, Ti3q and Nisq states; thus,
showing a chemical interaction between the nanoparticles and the surface. Furthermore, for the 3D
nanoparticles it could be seen that the uppermost nickel atoms also mix with the C,, and Tisq states,
although in a lesser extent than the interfacial atoms. This confirm that the higher interaction in the 3D

nanoparticles is due to the additional contribution of Ni atoms in the uppermost atomic layers.

Finally, we have performed a charge density difference analysis to evaluate the metal-support

interaction, which is reported in Figure 4. The charge difference is defined as
P = PNi, —TiCc — PNi,, opt geom — PTiC, opt geom )

where pyi, —ric, PNi,, opt geom a0 PTic, opt geom are the electron density of the adsorbed nanoparticle

over the surface, the isolated nanoparticle at the optimum adsorption geometry and the titanium carbide
surface at the optimum adsorption geometry, respectively. From Figure 4 it could be seen that for all
the nanoparticles there is an accumulation of charge density on top of the nickel atoms while there is
a charge depletion on the hollow sites. There is clear chemical interaction even if the net charge transfer
is negligible. Moreover, for the 3D structures the uppermost layers have lower charge density
accumulation since they interact less with the surface as shown in the DOS diagrams. As a matter of
fact, it could be seen that the third layer of the Niyy structure is almost non-perturbed by the titanium
carbide surface. This is in agreement with previous works indicating that the catalytic activity of metals

on TiC is due to the presence of flat and small supported nanoparticles.#4-32
Conclusions

Metals supported on transition metal carbides are known to exhibit good catalytic activity and
selectivity in a rather large list of reactions. For metals such as Cu and Au, the increased catalytic
activity has been attributed to the polarization of their electron density in response to the presence of
the underlying carbide.*’->.77 However, in the case of magnetic nanoparticles the available information
is almost inexistent. To fill this gap in our understanding of catalysts based on metals supported on
transition metal carbides we investigated in detail the effect that a TiC support has in the structural,
electronic, and magnetic properties of Ni nanoparticles. By means of periodic DFT calculations using
suitable supercells three two-dimensional (Nig, Nig and Ni;¢) and two three-dimensional (Ni;3 and Niyo)

nanoparticles of increasing size have been selected as representative examples.

11
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The obtained results plus a detailed comparison to earlier studies involving other metals on the
TiC support or Ni nanoparticles on other supports allowed us to reach a series of firm conclusions.
First, the smallest Niy nanoparticles exhibit the largest adsorption and adhesion energies. The large
stability of these supported nanoparticles together to the large adsorption energies indicates that these
are likely to be abundant in Ni/TiC systems prepared by vapor deposition;> a conclusion which is in
agreement with the prediction that such a small Ni nanoparticles supported on TiC are active for
methane dissociation even at room temperature.>? Second, the three-dimensional nanoparticles are
more stable and easier to form than their homologous two-dimensional counterparts. Third, Ni4 and
Nig appear to interact with the TiC substrate stronger than as reported for non-reducible and reducible
oxides such as MgO and CeQO,, respectively. Additionally, for the Nis-TiC nanoparticle we have
confirmed the trend that Pt-group nanoparticles adsorb stronger than Au-group nanoparticles over TiC
surfaces. Finally, we presented evidence that, while the distortion of the structure of the supported
nanoparticles induced by the support increases the average magnetic moment per Ni atom, the overall
result is a considerable quenching of the magnetic moment. This is a feature not observed in nickel
nanoparticles supported on MgO and a clear indication of the presence of chemical interaction between
the Ni nanoparticles and the TiC support. This is confirmed by the analysis of the three-dimensional
nanoparticles, where the largest magnetic moment corresponds to atoms in the uppermost layers. The
fact that the magnetic moment in the uppermost layers remains as in the isolated nanoparticle indicates
that the chemical activity of these atoms is almost not affected by the presence of the TiC support and
that the active sites will be those at the interface, thus giving support to previous studies focusing on
this type of models. The DOS and the charge density difference analysis also reveal the existence of
chemical interactions between the Ni nanoparticle and the TiC support, even if the net charge transfer

between the two systems is negligible.

The reported results have been obtained for a TiC support but, in the view of the similarity in
the electronic structure of other transition metal carbides with 1:1 stoichiometry and rock-salt crystal
structure, it is likely that the present findings will apply to systems composed of other magnetic
nanoparticles and different transition metal carbides, which also have implications in the catalytic
properties of the resulting systems. Furthermore, from these results, it is clear that a carbide support
can be quite useful to modify the chemical properties and the dispersion of a metal while designing

novel catalysts.

12
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Table 1. Calculated cohesive energy (E,) of gas-phase Ni, nanoparticles, Ni bulk and experimental
Ni bulk value.

Structure E.on/ €V atom’!
Niy4 -1.88
Nig -2.56
Nips -2.75
Nijg -2.85
Niyg -3.13
Ni bulk -4.28
Ni bulk Experimental 72 -4.44

13
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Table 2. Total magnetic moment of Ni, nanoparticles at the gas-phase nickel (uy;4), at the adsorbed

geometry but without being adsorbed (uy;eq) and when adsorbed (py;qqs)- Results in parentheses

correspond to the average magnetic moment per Ni atom. All results are in Bohr magneton units (up).

The calculated value for bulk Ni is 0.65 ugwhich is close to the experiment figure of 0.6 ug.”?

HUNig UNieq UNi,ads
Niy 4.00 (1.00) 5.14 (1.29) 1.85 (0.46)
Nig 8.00 (0.89) 8.00 (0.89) 3.52(0.39)
Niz 10.00 (0.77) 11.43 (0.88) 4.58 (0.35)
Nig 12.00 (0.75) 16.06 (1.00) 2.29 (0.14)
N116 reconstructed 12.00 (0.75) 16.03 (1.00) 5.50 (0.34)
Niyg 20.00 (0.69) 22.22 (0.77) 10.38 (0.36)
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Table 3. Adsorption (E 445), adhesion (Eqq5) and deformation (E ge¢) energies per atom of nickel in
direct contact for the different Ni, nanoparticles. The total number of nickel atoms in direct contact

with the surface is given in parenthesis. For sake of simplicity, Ni;¢ . values have not been included.

Eqqs/eVatom!  Egqp/eVatom!  Eg.r/eV atom!
Nis (4) 2176 2.07 031
Nio (9) 1,16 -1.85 0.69
Nis (9) -1.58 -1.99 0.41
Niys (16) -0.88 1.92 1.04
Nino (16) 1.41 22.00 0.59

15
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Ni16 Ni29

Figure 1. Atomic structure of the most stable gas-phase Ni, nanoparticles.
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Ni16 Ni16,rec Ni29
Figure 2. Ni, nanoparticles adsorbed over the (001) titanium carbide surface. Light blue, grey and

green colours are used for titanium, carbon and nickel, respectively. Note that Nij3 and Niyg are 3D

nanoparticles.
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Figure 3. Density of states diagram for the clean TiC surface and the Ni,-TiC nanoparticles. Black

colour represents the total DOS contribution and red, blue and green colours represent the contribution
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of the Tisqg, Cyp and Nisgq states, respectively. For the 3D nanoparticles light blue and orange colours
represent Nijq states of the second and third layer, respectively. Dash line represent the Fermi level.

Note that we have only considered the contribution of the outermost TiC layer and all the nickel atoms

contribution.
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Figure 4. Charge density difference maps for Ni,-TiC. Light blue, grey and green colours are used for
titanium, carbon and nickel, respectively. The isosurface is taken as 0.0033 e-/bohr®. Orange regions

denote accumulation of charge density, while purple regions denote charge density depletion.
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