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Small particles of transition metals (TM) supported on transition metal carbides (TMC) - TM,@TMC -
provide a plethora of design opportunities for catalytic applications due to their highly exposed active
centres, efficient atom utilisation and the physicochemical properties of the TMC support. To date,
however, only a very small subset of TM,@TMC catalysts have been tested experimentally and it is
unclear which combinations may best catalyse which chemical reactions. Herein, we develop a high-
throughput screening approach to catalyst design for supported nanoclusters based on density
functional theory, and apply it to elucidate the stability and catalytic performance of all possible
combinations between 7 monometallic nanoclusters (Rh, Pd, Pt, Au, Co, Ni and Cu) and 11 stable support
surfaces of TMCs with 1:1 stoichiometry (TiC, ZrC, HfC, VC, NbC, TaC, MoC and WC) towards CH,4 and
CO, conversion technologies. We analyse the generated database to unravel trends or simple

descriptors in their resistance towards metal aggregate formation and sintering, oxidation, stability in the
Received L1th April 2025 f adsorbat ies, and study their adsorptive and catalyti ties, to facilitate th
Accepted 19th May 2023 presence of adsorbate species, and study their adsorptive and catalytic properties, to facilitate the
discovery of novel materials in the future. We identify 8 TM,@TMC combinations as promising catalysts,

DOI: 10.1039/d3na00231d all of them being new for experimental validation, thus expanding the chemical space for efficient
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1. Introduction

The abundance of CH, and CO,, two well-known greenhouse
gases, makes them attractive raw materials for the synthesis of
fuels and chemicals.' Large amounts of CH, are available in
nature in the form of natural gas, while substantial amounts of
CO, are generated by human activity, for instance from the
combustion of fossil fuels. The conversion of these two gases to
produce more valuable chemicals and/or clean fuels is critical to
overcoming ever-increasing energy demands and achieving
a more sustainable future.> Methane has a high C-H bond
strength of 4.5 eV, and due to the absence of low-energy empty
orbitals and high-energy filled orbitals it is a very unreactive
molecule, making its activation at low temperature a real chal-
lenge.* There are various processes to convert CH, into more
valuable chemicals and fuels, such as reforming to produce
syngas (i.e., a mixture of CO and H, which can be later trans-
formed to hydrocarbons via the Fischer-Tropsch reaction), the
oxidative coupling to produce hydrocarbons, or its conversion
to oxygenates. Carbon dioxide, on the other hand, has a C-O
bond strength of 5.5 eV and a large negative Gibbs free energy of
formation (—394.6 k] mol™") which also makes it a very stable
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and inert molecule. The most promising approach for the
conversion of CO, to more valuable chemicals is the CO,
hydrogenation to alkanes, alkenes or oxygenates.* In this
context, precious metal catalysts have been extensively studied
due to their high activities and resistance to carbon deposition,®
but their implementation for industrial application is hindered
by their high cost. A way to increase metal atom utilisation and
therefore reduce cost is by using supported metal clusters,
which possess distinct geometric and electronic structures and
thus can exhibit enhanced activity and desired selectivity.®
Transition metal carbides (TMCs) are excellent substrates to
disperse metallic particles due to their strong covalent inter-
actions between metal particles and the surface C atoms,” which
immobilise the supported clusters.>® For instance, small Ni
clusters supported on TiC have been shown to activate CH, at
room temperature,'® and small Au, Cu and Ni particles are more
active towards CO, hydrogenation when supported on TiC than
when supported on traditional oxide supports."* The enhanced
activity is attributed to the polarisation that the TMC surface
inflicts on the electronic density of the supported particle,**?
which drastically reduces the dissociation energy barriers for
CO, and H,.*”* Unlike traditional support materials which are
inert, TMCs exhibit catalytic properties similar to those of Pt-
group metals for a wide range of reactions,'* so the deposition
of metal particles on TMCs leads to bifunctional catalysts with
multiple active sites allowing for cooperative effects.'>'® To our
knowledge, however, only the aforementioned four

© 2023 The Author(s). Published by the Royal Society of Chemistry
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combinations of metal clusters on TMCs have been experi-
mentally tested.

In this work, we set out to design novel catalysts for the
efficient catalytic conversion of CH, and CO, based on transi-
tion metal (TM) nanoclusters supported on TMCs, namely
TM,@TMC. To achieve this goal, we developed a high-
throughput screening approach specifically designed for cata-
lysts consisting of supported nanoclusters and based on density
functional theory (DFT). We apply it to assess the stability and
reactivity of 77 TM,@TMC systems consisting of small clusters
(n = 3, 4) of precious metals (Rh, Pd, Pt and Au) and more
affordable metals (Co, Ni and Cu) supported on TMCs with 1: 1
stoichiometry (TiC, ZrC, HfC, VC, NbC, TaC, MoC and WC).
Note that Cr carbides were omitted from the screening as they
do not form a TMC with 1 : 1 stoichiometry,'” and the reason for
not considering other transition metals is simply to keep time
and computational resources within reasonable limits, while
taking care to explore materials that are representative and
relevant to practical applications. For the chosen materials, we
evaluate the resistance of the supported clusters against
aggregation, fragmentation, and oxidation, and propose two
simple descriptors to predict the stability of these clusters in the
presence of adsorbates. The potential catalytic activity is then
estimated based on the energy barrier of the first rate deter-
mining step which, for the case of CH, and CO, conversion
technologies corresponds to the dissociation of the reactant
molecules.

The rest of this manuscript is organised as follows. The
‘Computational models and methods’ section describes the
bulk and slab models adopted and provides the details of the
DFT calculations and the relevant formulae used to estimate all
stability, adsorptive and catalytic properties. The ‘Results and
discussion’ section begins with an analysis on the energetic
stability of the clean catalysts, followed by the evaluation of
their stability in the presence of adsorbates, and finishes with
the results on the predicted catalytic activity towards CH, and
CO,, conversion along with a selection of the most promising
candidates. Finally, in the ‘Conclusions’ section, a brief
summary of the main trends and results is provided.

2. Computational models and
methods

2.1. Dataset

The present screening focuses on the stability, adsorptive
properties, and reactivity of 77 TM,@TMC combinations
described in the previous section. For all TMCs under consid-
eration except MoC and WC we have only considered the most
stable phase, which corresponds to a fcc crystal packing, with
the (001) facet being the lowest energy one."* For MoC" and
WC** fecc and hcp phases can be synthesised with high
stability, so both phases are considered. The (001) facet is the
lowest energy one for fcc MoC** and WC," while the most stable
facet for their hcp phase is the (0001).*>> Note that the latter can
be terminated with metal atoms or C atoms. For hcp MoC, both
Mo- and C-terminated (0001) facets have been theoretically
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predicted to have similar stability”* and are included in this
study, while for hcp WC, the W-terminated (0001) face is
significantly more stable than the C-terminated (0001) one,* so
only the C-termination is considered. To ease the notation, the
cubic fcc and hexagonal Acp phases for MoC and WC are
referred to as ¢cTMC and hTMC, respectively. The size of the
metal cluster is 4 atoms on ¢cTMCs and 3 atoms on hTMCs.
These sizes feature compact, high symmetry structures that
maximise the atomic coordination with the support and are
thus likely to be energetically stable. Moreover, previous
experimental'***** and theoretical®'>"* studies have shown that
the activity is higher when the size of these nanoclusters is very
small (<0.6 nm). Finally, for each TM,,@TMC system, the sup-
ported cluster can adopt many different configurations
(Fig. S27). In our previous work” we determined the most stable
configuration for each one of the TM,@TMCs. Here, we
consider the most stable configuration for each cluster except if
it corresponds to a 3D configuration (i.e., tetrahedral), which is
the case of 8 systems. In these cases, the high variety of
adsorption sites results in complexity during the screening and
the subsequent kinetic modelling. Therefore, these systems will
not be selected as promising potential candidates. However, we
have also included them in the screening for completeness,
taking into account their most stable 2D configuration, which
in most cases has a similar stability to the tetrahedral one
(Table S17).

2.2. Computational details and models

Periodic spin polarised DFT calculations were performed using
the Vienna Ab-initio Simulation Package (VASP), version 5.4.4.>°
The PBE exchange correlation functional®® was used, which has
been demonstrated to provide most accurate results among
GGA functionals in describing the atomic and electronic
structure of TMCs.”” Dispersion (van der Waals) interactions
were included through the D3 method as proposed by Grimme
and coworkers.”® Plane-wave kinetic energy cutoffs of 520 and
415 eV were used for bulk and surface calculations, respectively,
and the core electrons were accounted for using the projector-
augmented wave (PAW) method.>** The bulk structures for all
TMCs were obtained from the Materials Project open dataset®
(see Table S27).

For bulk geometry relaxation, electronic and force conver-
gence tolerances of 107 eV and 107 eV A™", respectively, were
imposed, and a dense I'-centred k-point grid of 80/a x 80/b x
80/c was used, with non-integer values rounded up to the
nearest integer. The slab models for the surfaces were con-
structed from the optimised bulk structures. For the relaxation
of the clean slabs, adsorbed configurations, and transition state
calculations, electronic and force convergence tolerances of
107° ev and 1072 eV A, respectively, were imposed, and a I’-
centred k-point grid of 60/a x 60/b x 1 was used, with non-
integer values rounded up to the nearest integer. In all
systems, the bottom half of the slab in the vertical z-direction
was constrained at the bulk positions, while the top half of the
slab, the metal clusters and the adsorbed species were fully
relaxed. A supercell of 27 A in the z-direction was used for all
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slab calculations, ensuring that periodic slab images were
separated by at least 18 A of vacuum, and a dipole correction
was applied. Transition states (TS) were located using Cat-
Learn's Bayesian transition state search module (ML-NEB)*? and
the vibrational frequencies of the TS were analysed to check that
they had only one imaginary mode. The few cases where more
than one imaginary mode was found were refined using the
improved Dimer method* and, if needed, further refined with
the quasi-Newton algorithm as implemented in VASP, using
a more stringent convergence criterion. All crystal structure
manipulations and data analysis were carried out using the
Python Materials Genomics package (pymatgen)** and the
Atomic Simulation Environment (ASE).*®

3. Calculated properties

3.1. Stability of supported clusters

The thermodynamic stability of supported clusters is evaluated
by computing the adsorption energy (E.qs), aggregation energy
(Eagg) and fragmentation energy (Efag) as follows:

™

T™M,@TMC TMC e
Eis = Ey @ —Eg — B Y &Y

T™,,@TMC TMC Eblllk

_ n tot

Eagg - Etot - Etot —n NO (2)

bulk

™, @TMC TMC TM@TMC

Eprag = Ey @ + (n - I)Elot —nE; @ (3)

where n is the number of atoms in the metal cluster (i.e., 3 and 4
for hexagonal and cubic clusters, respectively), E,, n@TMC s the
total (DFT) energy of the TMC-supported cluster, Eqec is the
total energy of the clean TMC slab, Epy"® is the total energy of
the relaxed cluster in the gas-phase (i.e., vacuum), Eom® and
Npuik are the total energy and number of atoms in the bulk
metal unit cell, respectively, and Egy @ ™€ is the total energy of
a single metal atom on a TMC slab. The adsorption energy is
a measure of the binding strength of the cluster to the TMC
support, with negative values corresponding to favourable
adsorption. On the other hand, the aggregation energy and the
fragmentation energy are measures of stability of the supported
cluster compared to the bulk metal and the supported single
atoms, respectively. Therefore, they can be used as descriptors
for resistance to metal aggregate formation (E,g) and frag-
mentation (Ef,g), with negative values indicating that the
cluster configuration is thermodynamically preferred over the
bulk and the single atoms, respectively.

3.2. Stability of adsorbed species

The formation energy of each adsorbed species is defined
relative to the clean slab and a common set of gas-phase
molecules (Hyy), CHyy and CO,y), thereby allowing the
stability of different fragments to be compared to one another
within the same reference. In the case of a generic adsorbate i,
Ei®@slab s defined as:

Eti‘®slab _ Eligz?slab — Edlab _ an Rj (4)
i

tot
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where E/@sab

is the total energy of the slab with adsorbate i,
ESI2P g the total energy of the clean slab, n; is the number of
atomic species j (j = H, C or O) in adsorbate i, and R; is the
reference energy of that atomic species, defined in our reference

set as:

1 n
Ry = EElof(g) (5)
Re = Eo™ — 4Ry 6)
1 COxg)
Ro = 5 <Elot - Rc ) (7)

With this definition, more negative values of Ef*2® imply

higher stability of the adsorbed configurations they correspond
to. Also, the formation energies for the reference Hy(y), CHy(g
and COyg) molecules correspond to their adsorption energies.

3.3. Reactivity of supported clusters

The adsorption and dissociation of CH, and CO, on the sup-
ported cluster may involve several elementary steps, as illus-
trated in Fig. 1. For instance, the reactant molecule can
approach the cluster and adopt a first physisorbed configura-
tion following a non-activated adsorption step. Then, the
substrate can activate it through charge transfer, in the case of
CO, leading to a bent anionic CO,°~ species. Finally, the acti-
vated adsorbate dissociates to coadsorbed products but, in
some cases, a first metastable configuration (i.e., CHz---H or
CO---0) is adopted, in which both species are very close
together, and then they diffuse towards a neighbouring
adsorption site adopting a more stable configuration. Typically,
the highest-energy TS corresponds to the dissociation step.
With all the possible minima and transition state configura-
tions, the definition of the energy barriers is not straightfor-
ward. In this work, we define the activation energy of the
reaction (E,.) as the relative energy of the highest-energy TS
with respect to gas-phase. Because both CH, and CO, belong to
the reference set of gas-phase molecules used to compute the
formation energies, their formation energy in the gas-phase is
zero, and E,. can be calculated as:

Eoper = maX(E—frsa 0) (8)

Formation energy

>

Fig. 1 Example of the reaction profile of CO, adsorption and disso-
ciation on a supported cluster. TS,ct, TSqis and TSqis are the TSs for the
activation, dissociation, and diffusion steps, respectively. Light grey
and green spheres represent the metal atoms from the carbide and the
supported cluster, respectively, and dark grey and red spheres repre-
sent carbon atoms and oxygen atoms, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where Ef® is the formation energies of the highest-energy TS
and the max operator filters negative values. While low E,.
values in general correspond to very reactive clusters, it might
be the case that the energy barrier of one of the elementary steps
is very high (e.g., Fig. S1t). This is typically the case for clusters
that bind reactant molecules too strongly, leading to very high
energy barriers for the dissociation step. Therefore, we also
compute the highest energy barrier (Ep max) as

Eb,max = maX(E;‘rs - E?dsa 0) (9)

where E#% is the formation energy of the most stable adsorbate
configuration before the TS. An ideal catalyst would exhibit
negative Eugs, Eage and Eg,g values and low E, and Ep max
values.

3.4. Data sharing

A dataset containing all VASP output files has been made
available in the NOMAD repository*® (https://doi.org/10.17172/
NOMAD/2023.01.31-1). Moreover, a comma-separated values
(CSV) file with the calculated values of all properties has been
included in the ESL.{

4. Results and discussion
4.1. Stability of the clean catalysts

The computed values on the three metrics of stability for the
clean catalysts are reported in Fig. 2. All clusters are strongly
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bonded to the TMC support, with adsorption energies lower
than —2 eV per atom in most cases. TM clusters bind more
strongly to hexagonal TMCs than to cubic ones, as the latter
present more surface states near the Fermi level.’” For the
hexagonal surfaces, the most negative E,qs values correspond to
the C-termination, since TM atoms form stronger bonds with
the TMC C atoms than the TMC metal atoms.® Among the
different TMs considered, Cu and Au clusters show the weakest
binding to the TMC, presumably due to the fact that both are
coinage metals and have filled d states that are lower in energy.
Despite the overall strong binding, the aggregation energies are
positive for most clusters on cubic TMCs, meaning that the
formation of bigger particles is thermodynamically favoured.
Even so, the aggregation of clusters might be suppressed by the
diffusion barriers which, due to the formation of strong cova-
lent bonds between the cluster atoms and the surface C atoms,
are expected to be high. On hexagonal TMCs, clusters are more
resistant against aggregation, especially for the case of the C-
termination, as the strong TM-C bonds are stronger than the
intrametallic bonds within the cluster in big nanoparticles. On
the other hand, most clusters present negative fragmentation
energies, especially those supported on group 4 and 5 cubic
TMCs, while clusters supported on cWC are significantly weak
against fragmentation. However, positive Eg,g values do not
imply a spontaneous cleavage of the clusters, as there is an
energy barrier for breaking of the cluster bonds that must be
overcame. Note that the left panels in Fig. 2 combine TM,
clusters with different nuclearities (n = 3, 4), but the same
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Fig. 2 Distribution of E,qs, Eagg and Efag Values grouped by metal (left) and TMC support (right).
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trends are observed when only considering clusters with the
same number of atoms, as shown in Fig. S3.1

4.2. Stability in the presence of adsorbates

Small, supported clusters do not have the rigidity of larger
structures such as big nanoparticles, but are generally labile
systems, in which the bonds between the cluster atoms can be
extended or contracted to accommodate the different reactants.
This lability was predicted to be critical in the strong CH,
adsorption on Ni,/TiC,"* but the disadvantage is that sometimes
the clusters can deform significantly or even break during the
interaction with adsorbed species, as shown in Fig. 3a. In other
cases where the cluster is loosely bound to the carbide, inter-
action with other adsorbates can cause the cluster to be dis-
placed from its original position. It is therefore of critical
importance to assess the stability of the cluster in the presence
of adsorbates and to identify simple descriptors that can predict
it. To assess this issue, we have studied the interaction of the 77
T™,@TMCs with CH,, CO,, H,0, CO, and an array of catalyti-
cally relevant molecular fragments (C, CH, CH,, CH3, O, OH and
H) and quantified their structural stability by computing the
maximum bond contraction and elongation, and the displace-
ment of the cluster from its original position.

View Article Online
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Fig. 3b shows that the stability depends mainly on the
support, and to a lesser extent on the nature of the cluster or
adsorbed species. In essence, the most unstable clusters are
those supported on fcc WC and MoC, with 52 and 21% of
clusters that are broken, deformed, or displaced when inter-
acting with the species considered in this study, and therefore
these supports are not suitable for catalysis. Notably, out of all
the carbides considered here, these are the only ones that are
not found in their most stable crystalline structure, which is zcp
(Section 2.1), and thus, they favour the formation of surface C
vacancies much more compared to the other carbides (Table
S37). The surface C atom closest to the cluster can rise in the
direction perpendicular to the surface to form a strong bond
with the adsorbed species, which in many cases deforms or
breaks the cluster.

Regarding the nature of the metal cluster, Fig. 3b shows that
the tendency to break or significantly deform/displace follows
the trend: group 9 (Co, Rh) < group 10 (Ni, Pd, Pt) < group 11
(Cu, Au), and the tendency increases when going down in
a group. Thus, Co clusters are always stable (regardless of the
carbide support or the adsorbate species), while the clusters
with more tendency to displace, deform or break are those of Cu
(13%) and Au (16%). Interestingly, Cu and Au are the two metals
considered in this study with the lowest bond energies in their
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Fig. 3 (a) Examples of displaced (CH3z on Aus@TaC), deformed (CH3z on Aus@NbC), and broken clusters (CO on Pt;@cWC). (b) Percentage of

clusters that have been displaced, deformed or broken (top) and clusters that show negligible displacement and deformation (bottom) upon
adsorption, grouped by metal (left), support (centre) and adsorbate (right). (c) Scatter plot of the fragmentation energy of the cluster against the
formation energy of the adsorbate species i on the clean TMC. Each point corresponds to a specific combination between TMC (11), TM (7) and
adsorbate species (11), resulting in a total of 847 (11 x 7 x 11) points. (d) Scatter plot of the adsorption energy of the cluster against the frag-
mentation energy of the cluster. ‘Always negligible displacement/deformation’ clusters are those in which the maximum bond contraction and
elongation is lower than 10% and the maximum displacement is lower than 0.3 A per atom after the adsorption of any of the studied adsorbates.
Each point corresponds to a specific combination between TMC (11) and TM (7), resulting in a total of 77 (11 x 7) points.
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bulk phase,*® which could explain why the Cu-Cu and Au-Au
bonds within the cluster are easier to compress, elongate or
break. Note that the above-mentioned trend is not related to the
charge states of the supported clusters, since their oxidation
state when supported on the TMC depends on their period (i.e.,
period VI clusters more electron-rich than period IV) and not
the group.” Finally, the adsorbates that seem to be more detri-
mental to the stability of the cluster are CH; and OH, both
species having one dangling bond (Fig. 3b, top right panel).
Ideally, only those clusters that have negligible deformation or
displacement in the presence of reaction intermediates should
be selected. In fact, this is the case for the majority of TM,,TMC
combinations, as shown by the bottom panels in Fig. 3b, with
the exception of systems containing Au or icp TMCs. As ex-
pected, the adsorbed species that least affect the integrity of the
cluster are CH,, H,O and CO,, since these are stable molecules
without dangling bonds that in principle should interact
weaklier than the other reaction intermediates.

At this point, the question arises as to whether it is possible
to predict the stability of clusters from simple descriptors.
Intuition tells us that those clusters in which the atoms are
more strongly bonded to each other (as quantified by E¢,,) and
which in turn are strongly bonded to the support (as quantified
by E.qs) will be more stable. In addition, those species that
interact more strongly with the TMC support will have a greater
tendency to break the cluster in order to bond directly to the
TMC. The interaction between the adsorbates and the support
can be quantified from E®™C, Fig. 3c demonstrates that
indeed, the vast majority of the systems that deform, break, or
displace, correspond to those clusters with Eg,e > 0 (i.e., single
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atoms are thermodynamically preferred) and in which the
adsorbates interact strongly with the support (Ei2™€ < 0). Some
industrially relevant chemical reactions, however, involve
dozens of elementary steps, with a considerable number of
intermediate species, and hence it is not practical to compute
Ef®™C for each species. It is therefore desirable, from a more
general perspective, to develop a simple approach to predict
which clusters are stable in the presence of any adsorbate
species. In Fig. 3d we show that calculations of E,qs and Eg,g, are
already insightful enough in assessing cluster stability in the
presence of adsorbates. In the first place, the stability depends
on Erag, and for those clusters with intermediate values of Eg,g,
it is Eaqs that determines whether the system will be stable or
not. These two quantities can be easily calculated as they do not
involve considering the adsorbate species.

4.3. Resistance against oxidation

TMCs can be oxidized by air at high temperatures in a process
that removes C atoms from the surface and ultimately leads to
the formation of oxycarbides,* drastically modifying their
chemical properties.*®*" For instance, oxycarbide formation is
known to undermine the Mo,C catalytic performance for the
water-gas shift reaction, where O moieties are created from H,O
decomposition.*” Porosoff et al.** showed in an experimental
and computational study that the catalytic activity of TMCs for
CO, hydrogenation is correlated to the oxygen binding energy;
in particular, carbides that do not bond to O too strongly
facilitate oxygen exchange by removal of adsorbed O, therefore
increasing the catalytic activity. We have quantified the binding
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strength of O by computing the formation energies of O on the
clean TMCs (EP®™C€) and on the supported clusters
(E?@TM"@TMC). Although the tendency to form oxycarbides also
depends on other factors, the formation energy of O is a simple
descriptor that can be considered when screening the vast
materials space of TM,@TMCs catalysts for chemical reactions
in oxidative environments.

Fig. 4a shows that the binding energy of O on the supported
clusters does not depend much on the carbide support but on
the nature of the cluster, where the noble metal clusters Au, Pt
and Pd exhibit the weakest binding. This result follows the
trend of O binding on extended TM surfaces (Fig. 4b), where the
weakest binding corresponds to Au(111), followed by Pt(111)
and Pd(111). Fig. 4c shows a scatter plot of EP®™C versus
EP@™@MMC 1deally, a promising TM,@TMC catalyst should
exhibit weak O binding on both the cluster and the support
regions (top right corner). The squares highlighted with a black
outline correspond to the only TM,@TMCs that, to our knowl-
edge, have been tested experimentally and proven to be stable.
Specifically, they were tested for CO, hydrogenation' (Au,@-
TiC, Cu,@TiC and Ni,@TiC) and the water-gas shift reaction'®
(Au,@cMoC), exhibiting catalytic activities that are orders of
magnitude higher than those of their corresponding extended
TM surfaces. It should be noted that, in some cases, a high O
coverage may not be detrimental but even beneficial for its
catalytic activity. For instance, Kurlov et al. showed that an O*
coverage of ca. 0.7 monolayer provides a high activity of Mo,C
MXene (i.e., 2D carbide) in DRM and operating away from this
optimal O* coverage decreases the reaction rate.*
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4.4. Catalytic activity

The potential catalytic activity of TM,,@TMCs towards CH, and
CO, conversion is estimated in terms of their ability to adsorb
and dissociate those molecules, as quantified by E,. (eqn (8))
and Ep, max (eqn (9)). A general observation from Fig. 5 is that
TM,@TMC structures dissociate CO, easier than CH, (ie.,
many systems exhibit EfS <0 for CO-0, meaning E,.. = 0, while
only few of them exhibit Ef® < 0 for CH;-H). This can be
explained by the ability of CO, to accept electrons into its lowest
unoccupied molecular orbital to form negatively charged bent
species (CO,°~, Fig. 1), resulting in a significant weakening of
the C-O bonds due to the mw-antibonding occupation of the
molecule, while the absence of low-energy empty orbitals in CH,
makes its dissociation more challenging. However, there are
more TM,@TMCs with Ef° > 1 eV for CO-O than for CH;-H.
These correspond to clusters that cannot bend CO, by charge
transfer, and the higher Eg 15 for CO-O is a result of the higher
strength of the C-O double bond from linear CO, compared to
the first C-H bond in CH, (i.e., 5.51 and 4.50 eV, respectively).
Therefore, the ability of some clusters and the inability of others
to bend CO, explains why the range of Ef° values shown in
Fig. 5a for CO, is wider than for CH,.

Pt clusters are the most active for CH, and CO, dissociation,
with negative Ef° values or close to 0 (i.e., Ecc ~ 0), making them
potential candidates for DRM, where both molecules must be
activated. While the vast majority of TM,,@TMCs are fairly
reactive (Ef° < 0.7 eV), clusters of Cu, Pd and Au are in general
less active than the others. In fact, extended Cu(111), Pd(111)
and Au(111) surfaces are also among the least active TM fcc(111)
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Fig. 5 (a) Distribution of £7° for CH,4 (top) and CO, (bottom) dissociation for each metal (left) and TMC support (right). (b) Scatter plot of E7° for
CH, dissociation against E{° for CO, dissociation. (c) Scatter plot of Epb max for CH4 dissociation against Ey, max for CO, dissociation.
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facets for CO, dissociation, while Pt(111) exhibits a moderate
activity.”® Regarding the effect of the TMC support, the lowest
values of Ef> are exhibited by group 4 TMCs and TaC, as shown
in the right panels in Fig. 5a. Interestingly, Ef°> seems to
decrease when going down a group, so that the most active
clusters for each TMC-metal group are in general those sup-
ported on period VI TMCs (i.e., HfC, TaC and ¢WC). This trend
can be rationalised based on the electronic charge of the sup-
ported clusters as follows. The charge transfer from the TMC to
the cluster increases when going down a group (e.g., VC < NbC <
TaC) due to the lower electronegativity of the TMC metal atom.”
This excess charge can help activate and dissociate more
effectively reactant molecules, especially CO, by promoting the
formation of the bent anionic CO,°~ species. Another inter-
esting observation is that, despite icp TMC surfaces being more
reactive than fcc ones, the metal clusters supported on hcp
TMCs are in general less reactive than those supported on fcc,
especially for CO, activation, where clusters supported on
hMoC and hWC exhibit the highest Ef° values.

The scatter plot in Fig. 5b shows that there are 5 TM,@-
TMC combinations were the activation of CH, and CO,
proceeds with no energy barrier (E,.c = 0). These correspond
to Ni clusters on ZrC and HfC, and Pt clusters on TiC, HfC and
TaC. Apart from these, there are 12 additional TM,@TMCs
that can activate CO, with no barrier, while there is only one
other extra system with ESa* = 0. The activation energy
barriers for all systems, along with all other calculated prop-
erties, can be found in the CSV file provided in the ESI,t while
data for selected systems is summarised in Table 1. As dis-
cussed in Section 3, a very low E,. suggests but does not
guarantee a high catalytic activity towards CH, or CO, disso-
ciation, because E,. is calculated with respect to the gas
phase. The dissociation energy barriers from the adsorbed
configuration might be high if the adsorbate binds too
strongly to the cluster. This is especially important for CO,
dissociation, where the bent CO,’~ configuration might be
also very stable. Therefore, we have identified the highest
energy barrier (eqn (9)) for each TM,,@TMC, and the results
are shown in Fig. 5¢. Contrary to what is observed for E,., the
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number of systems with very low Ep max (i.e., <0.5 eV) are
similar for CH, and CO, dissociation, and a total of 4
combinations exhibit Ep max < 0.5 eV for both processes.
Equivalent boxplots to Fig. 5a for Ey, max are shown in Fig. S4.7
Finally, it is worth mentioning that, due to the structural
complexity of the supported clusters and their great variety of
adsorption sites, they do not follow the simple Bronsted-
Evans-Polanyi relationships that are found for extended
metal surfaces*® (Fig. S51).

4.5. Novel catalysts for CH, and CO, conversion

The selection steps to identify the most promising candidates
are illustrated in Fig. 6 and described below. In addition to low
Eace and Ep, max values, the potential CH, and/or CO, conversion
catalysts should be stable against aggregation, fragmentation,
oxidation, and displacement/deformation due to interaction
with adsorbate species. To integrate all these considerations, we
impose the following requirements for promising supported
clusters: (i) strong binding to the support, i.e., E,qs < —2 €V per
atom, (ii) high resistance to metal aggregate formation and
fragmentation, ie., E,py < 2.5 €V and Eg,g < 0 €V, (iii) never
displace/deform significantly or break when interacting with
adsorbate species, i.e., maximum bond contraction/elongation
lower than 35% and maximum displacement lower than 0.5
A/atom after the adsorption of any of the studied adsorbates,
(iv) moderate or low binding to O of the cluster and the support,
ie., EP@™M@MMC 1 pO@TMC 15 eV, and (v) modest energy
barriers for dissociation of reactant(s), i.e., E,e < 1.0 eV and
Ep,max < 1.2 €V. An additional requirement, which is a technical
one, is that the most stable configuration must be 2D, as for 3D
tetragonal clusters the high variety of adsorption sites triggers
the complexity of the reaction profile and subsequent kinetic
modelling. Fortunately, the vast majority of supported clusters
prefer to adopt a 2D configuration (see Table S1t). Table 1
summarises stability and reactivity data of all TM,,@TMCs that
meet the requirements (i)-(iv) and hence are predicted to be
stable. Among the nine TM,@TMCs with superior stability lis-
ted in Table 1, many of them feature promising catalytic activity

Table 1 List of selected TM,@TMC candidates based on their superior stability. The average market prices* (in USD per kg) for the deposited

metals are 13.9 for Ni, 49 500 for Pd and 27 800 for Pt

Stability Reactivity

Binding strength  Aggregation Fragmentation Oxidation CH, CO,
TM,@TMC  E,q, (€V per atom) Engg (€V)  Efrag (€V) E@MMOMNE (ay) gPOTMC (ev) EQL (eV) Epni (eV) Eget (eV) Eper (eV)
Pd,@TiC —2.25 1.38 —1.41 —0.24 —-1.15 0.98 1.46 0.62 1.44
Pd,@ZrC —2.40 0.78 —1.26 —0.64 -1.39 0.35 0.79 0.27 1.10
Pt,@ZrC —3.04 1.99 —1.47 —0.86 —1.39 0.05 0.47 0.00 0.37
Pd,@HfC —2.33 1.08 —-1.19 —0.62 —-1.30 0.33 0.78 0.03 0.87
Pt,@HSC —-3.01 2.11 —1.42 —0.87 —1.30 0.00 0.43 0.00 0.29
Ni,@VC —2.57 1.63 —3.22 —0.99 —0.82 1.05 1.26 0.81 1.06
Pd,@VC —2.18 1.68 —1.59 —0.16 —0.82 0.46 0.88 0.69 1.27
Ni;,@NbC —2.66 1.26 —3.24 —0.79 —1.44 1.13 1.31 0.61 0.84
Pd,@NbC —2.25 1.37 —-1.72 —0.28 —1.44 0.56 0.90 0.49 0.78

© 2023 The Author(s). Published by the Royal Society of Chemistry
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77 TM,@TMC combinations
DFT

i

* ~3500 optimizations with
adsorbates
* 120 energy barrier calculations

strength to support

Eqqs < —2 eV/atom

Resistance to aggregation Eggg <—256V
and fragmentation Efrag <08V

max. contraction < 35%
max. elongation < 35%
max. displacement < 10%

| Stability with adsorbates
Resistance to
oxidation

Fig. 6 High-throughput screening workflow developed to identify
promising TM,@TMCs catalysts for CH4 and CO, conversion. Cyan
and grey spheres represent metal and C atoms from the TMC,
respectively, while magenta spheres represent the supported cluster.

EPO™C < —15eV
EfOTMROTHE < _15 eV

Eqee <1.06V
Epmax <128V

9 TM,@TMC with good stability

8 active towards CH, and/or CO, conversion

for CH, conversion, CO, conversion or both, and, to the best of
our knowledge, none of them have been studied either experi-
mentally or theoretically.

A general observation from Table 1 is that ~cp TMCs and Co,
Cu, Rh and Au clusters are not included, despite many of them
showing very low energy barriers. The main problem is their
stability; for instance, Acp TMCs bind O too strongly (Fig. 4c),
which can cause O poisoning or full oxidation. The same applies
to fcc TaC, MoC and WC. Regarding Au clusters, some of them
prefer to adopt a 3D tetrahedral configuration and therefore are
excluded, and most of those that adopt a 2D configuration are
significantly displaced/deformed or break when interacting
with adsorbates (Fig. 3b). For Cu clusters, the main problem is
their weak E,q5 (Fig. 2), which can pose a stability problem. Co
and Rh clusters suffer from relatively high E,g,, making them
particularly sensitive to deactivation caused by metal aggregate
formation, and the ones with the required E,g, < 2.5 €V adsorb O
too strongly. Therefore, only some combinations of Ni, Pd and
Pt clusters supported on TiC, ZrC, HfC, VC or NbC pass all
stability tests. From the 9 stable candidates, all of them except
Pd,@TiC show promising catalytic activity towards CH,
conversion, CO, conversion or both.

Within the CH,-active candidates, Pt,@ZrC and Pt,@HfC
have negligible activation energy barriers (0.05 and 0.00 eV,
respectively), and the energy difference between the most stable
reactant configuration and the highest TS is less than 0.5 eV. All
calculated stability metrics for these two materials are almost
identical, making them the best candidates for CH, conversion.
The next promising candidates with Eo® <0.60 eV are Pd
clusters on ZrC, HfC, VC and NbC. All of them have similar
EC values (i.e., 0.78-0.90 eV), but Pd,@VC has significantly

b,max
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weaker O binding on both the metal cluster and the support.
Finally, Ni clusters on VC and NbC are not as active as the
previous ones, but they feature excellent resistance to frag-
mentation (Eg,g = —3.2 eV).

Amongst the CO, active candidates, Pt,@ZrC and Pt,@HfC
again stand out as the most promising candidates, with
ESQ: = 0 eV and ng)lrfax < 0.4 eV. Due to their excellent stability
and activity metrics for both CH, and CO, conversion, they are
bright candidates for their simultaneous conversion, such as in
dry reforming or oxidative coupling of methane. Another
potential candidate for CO, conversion is Pd,@HfC, with has
anegligible ES%?, a slightly higher Eg?;ax of 0.87 eV and weaker O
binding to the cluster. Finally, Ni,@NbC and Pd,@NbC can
also dissociate CO, with relatively low energy barriers, with
Ni,@NbC being extremely resistant to fragmentation (Ef,g =
—3.24 eV) but Pd,@NbC more resistant to cluster oxidation
(EQ@™@TME _ 98 ev).

In addition to stability under reaction conditions and cata-
Iytic activity performance, the promising catalysts should be
affordable and consist of earth-abundant materials,*® ie.,
accessible, and free of supply risk, in order to develop large-
scale sustainable conversion technologies. These consider-
ations can be included by using the analysis by Gaultois et al.,*
which is based on the crustal abundance of the elements and
the Herfindahl-Hirschman index (HHI) as a measure of the
concentration or monopoly character of the resources and the
market. Among all listed materials in Table 1, Ni,@VC and
Ni,@NDbC consist of earth abundant elements only. Despite not
being as active as Pt clusters, their moderate activity for the
conversion of CH, and CO, is compensated by their excellent
stability metrics.

5. Conclusions

In summary, we have developed a high-throughput framework
to discover stable and active CH, and CO, conversion catalysts
based on metal nanoclusters supported on TMCs. All clusters
bind strongly to the TMC support but, while those supported
on fcc TMCs are very resistant against fragmentation and weak
against aggregation, the opposite behaviour is observed for
clusters supported on icp TMCs. Weaker binding to O (thereby
preventing O poisoning and possible cluster oxidation and/or
oxycarbide formation) can be achieved by combining Pd, Pt or
Au clusters with group 4 or 5 TMCs. We also observe that those
™™, @TMCs not including Au, fcc MoC and fcc WC are in
general very stable in the presence of adsorbates, with negli-
gible displacement and deformation. The stability with
adsorbates can be predicted from two simple descriptors: the
adsorption energy and the fragmentation energy of the clean
cluster. Regarding their catalytic activity, many TM,@TMC
combinations can dissociate CO, and CH, with negligible
energy barriers, with Pt clusters being in general the most
reactive ones, and those supported on TMCs made from group
4 elements (Ti, Zr and Hf) or Ta. By considering all stability
and activity metrics, we identify Pd,@ZrC, Pt,@ZrC, Pd,@-
HfC, Pt,@HfC, Ni,@VC, Pd,@VC, Ni,@NbC and Pd,@NbC as
promising candidates exhibiting high stability and catalytic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance. Among them, Ni,@VC and Ni,@NbC stand out
as the only candidates that consist of earth abundant elements
only. The systematic framework developed in this work is
especially designed for supported clusters and can be used for
the discovery of other types of functional materials, opening
up opportunities towards the development of novel catalysts
with superior performance for a wide range of industrially
important reactions.
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