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ABSTRACT: For very small nanocluster-based catalysts, the exploration of the
influence of the particle size, composition, and support offers precisely variable
parameters in a wide material search space to control catalysts’ performance. We
present the mechanism of the CO, methanation reaction on the oxidized
bimetallic CuyPd tetramer (Cu;PdO,) supported on a zirconia model support
represented by Zr;;0,, based on the energy profile obtained from density
functional theory calculations on the reaction of CO, and H,. In order to
determine the role of the Pd atom, the performance of Cu;PdO, with
monometallic Cu,O, at the same support has been compared. Parallel to methane
formation, the alternative path of methanol formation at this catalyst has also been
investigated. The results show that the exchange of a single atom in Cu, with a single Pd atom improves catalyst/s performance via
lowering the barriers associated with hydrogen dissociation steps that occur on the Pd atom. The above-mentioned results suggest
that the doping strategy at the level of single atoms can offer a precise control knob for designing new catalysts with desired

Bimetallic catalyst for CO, conversion

performance.

Bl INTRODUCTION

The capture of CO, and its catalytic conversion to hydro-
carbons, alcohols, and various hydrocarbon derivatives have
been of large interest, as an attractive solution for addressing
environmental issues by the production of value-added
chemicals and fuels. Multiple studies have been reported on
the promising Iperformance of copper-based bulk and nano-
scale catalysts." ' Recently, catalysts based on small size-
selected subnanometer copper clusters and their nanoscale
assemblies have been explored extensively both experimentally
and theoretically in the conversion of CO, into various
products, such as methane and methanol.'*™"® Also, the
studies should be mentioned which yield other important
products such as a diesel fuel surrogate dimethyl ether,"
including catalysts with the copper content. The latter boosts
catalyst performance and selectivity toward dimethyl ether.
In order to expand the material search space, cluster-based
catalysts allow us to examine the effect of catalytic moiety’s size
on performance and influence of the composition of the cluster
and of the support. In their size and composition, well-defined
clusters anchored to the model of a support oxide can be
treated by density functional theory (DFT) to gain basic
understanding of the function of the catalytic site and the
mechanism of the reaction which can ultimately initiate new
focused experiments guided by predictions to take various
paths. In a joint theoretical and experimental study, we have
recently found that subnanometer copper tetramers supported
by zirconia are highly efficient for CO, hydrogenation and its
conversion to methane at high temperature, where catalytic
performance was dependent on the cluster size and substrate
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morphology. DFT simulations on the Cu,O, cluster supported
by the Zr;,0,, subunit (Cu,0,/Zr;,0,,;) provided a
mechanism for CO, hydrogenation along the way to
conversion to methane, confirming the experimental findings
but identifying also methanol formation. These results
stimulated us to investigate the possible effect of exchanging
a single Cu atom in the cluster with a Pd atom in the tetramer,
on the example of Cu;PdO, at Zr,0,, on altering
performance. In addition to the generally expected effect of
an ad-/dopant atom on the electronic structure of the cluster,
Pd was chosen also due its well-known role in activation and
dissociation of H,. In other words, the aim of the present study
is to optimize the catalytic performance of these copper-based
tetramers in CO, hydrogenation, by leveraging the proven
potential of palladium in the efficient activation of molecular
hydrogen, thus providing a control knob on the atomic scale to
fine-tune catalyst performance in an atom-by-atom doping
fashion. It is to be noted that partially oxidized tetramers were
taken into account, based on the reported oxidation states of
copper and palladium in mono- and bimetallic clusters studied
in situ on the same or similar cluster-based catalysts in
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compatible hydrogenation and dehydrogenation reac-
tions'l4—16,18,21—27

Here, we will first present the mechanism and energy profile
of the CO, methanation reaction on the bimetallic tetramer
(CusPdO,) at the model zirconia support represented by
Zr};,0,,. We will also compare the predicted performance of
this mixed tetramer with that of the monometallic Cu,O,
cluster at the same support. In addition, we will carry out a
parallel investigation of methanol formation on these catalysts,
the other major hydrogenation route. This set of exploratory
calculations is to support the main hypothesis of this study,
namely, to find hints about how a modification of the
composition of the catalyst by an exchange of a single metal
atom in it shows sufficient advantages in comparison to a
monometallic cluster. In this context, detailed comparative
investigations of the dominant reaction pathways are being
executed as prerequisites for predicting the functioning of the
chosen model catalysts that will ultimately lead to computa-
tional design of catalysts performing on demand.

B COMPUTATIONAL METHODS

All the reactive species on the supported bimetallic cluster
were optimized emgploying DFT theory using the Gaussian 16
software package.”® Calculations of the doublet ground-state
structures were performed with the Becke-3-parameter-Lee-
Yang-Parr (B3LYP) hybrid functional” ™' and triple-zeta-
valence-plus-polarization (TZVP) basis set”” for all atoms. In
addition, Stuttgart relativistic core potential (ECP)* has been
used for palladium and zirconium atoms. Structural and
electronic properties of both monometallic and bimetallic
transition metal clusters can be influenced by dispersion
forces.” Hence, the Grimme-D3 dispersion correction®
(GD3) was included to account for the effect of van der
Waals (vdW) interactions on the structure and stability of
reactive species. To compare energy profiles at bimetallic
Cu;PdO, and metallic cluster Cu,O, at the ZrO, model
support, previous results on the methanation reaction at the
supported metallic oxide'® were recalculated with the addition
of the GD3 dispersion. The DFT-computed corrections of
relative energies of minima and transition states have been
obtained based on Gibbs free energies at 298.15 K and 1 atm
as shown in Tables SI and S2. Activation energies have not
been considerably influenced, but relative Gibbs free energies
have increased by 0.5—1.5 eV.

B RESULTS AND DISCUSSION

In this contribution, we first address structural properties of
Cu;PdO,/Zr|,0,, in comparison with those of Cu,O,/Zr,0,,
and then attend the reaction pathways for methane and
methanol formation, with the goal to determine the role of a
single Pd atom and the mechanism involving four necessary
hydrogenation steps. In addition, the comparison of results
between the monometallic and the bimetallic clusters at the
support is of importance because optimization of the
composition of the metallic tetramer can be used to improve
the performance of the catalyst.

Modeling of the Structural Properties. A model for the
bimetallic Cu;PdO, cluster at the support has been
investigated by alternatively replacing one by one each of the
Cu atoms of the copper tetramer by a Pd atom in a
monometallic Cu,O, cluster at the metal oxide support
represented by Zr,0,, (Figure Sla). Notice that small clusters

do not have rigid structures; they can undergo restructuring
along the reaction path. Structural fluxionality depends on
cluster size, composition, and reaction conditions, as discussed,
for example, in the case of copper and palladium clusters of
similar size.”* In our study, the cluster structures are relaxed for
every step along the reaction pathway; thus, restructuring/
fluxionality is implicitly addressed.

The model for the support Zr;,0,, has been selected based
on previous reactivity studies on the Zr oxide.”® The lowest
energy structure for CuyPdO,/Zr},0,, includes the Cu;Pd
tetramer built from CuPd and Cu, units which are bound to Zr
and O atoms of the support (Figure la). This allows the
simultaneous formation of the reactive center and connection
with the support.

a) b) 07T '-0.51
-0.69'
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Figure 1. DFT-determined structures for (a) CuyPdO,/Zr;,0,, and
(b) representing binding of structure (a) with CO, and H, forming
Cu;Pd0O,/Zr,0,,H-HCOO. Values of natural charges are shown in
the context of charge transfer within Cu;Pd—HCOO. (c) a-HOMO
orbital demonstrating electron delocalization within the oxidized
Cu;Pd cluster. (d) a-LUMO of the structure (b) illustrating electron
delocalization within the reactive center Cu;PdO,/Zr,0,—HCOO.
Cuy, Pd, O, C, H, and Zr atoms are depicted by brown, yellow, red,
green, white, and blue spheres, respectively.

The preferential site for CO, binding has been identified at
the Cu atom (see isomers in Figure S1b), which was also
confirmed by DFT molecular dynamics (DFT-MD) simu-
lations at T = 573.15 K (cf. Figure S2). This temperature was
chosen since it is slightly higher than 548.15 K, which is the
temperature of CO, activation at zirconia-supported Cu,.'®
Based on natural charge analysis, Pd and Cu atoms have
positive values, indicating that the CusPd cluster is oxidized
(Figure 1b). The natural charges of 0.22 for Pd and ~0.8 for
Cu atoms reveal polarization of the bimetallic cluster arising
from the difference in electronegativity of the Cu and Pd atom
(1.9 for Cu vs 2.2 for the Pd atom). The first step of the
methanation reaction includes CO, activation accompanied by
structural adjustment and charge transfer to the CO, molecule
forming highly reactive CO3.>” To support these findings, we
have examined the charge transfer to adsorbed CO, of the
structure CuyPdO,/Zr,0,,H—-HCOO (cf. Figure 1b) and
compared it with that of the complementary monometallic
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Figure 2. DFT-calculated energy profiles for the CO, hydrogenation reaction on the Cu;PdO, cluster supported by Zr,,0,, including four
hydrogenation steps for methane formation in 2(a,b) [first step (A—G), second step (G—L), third (L—S), and fourth (S—V)]. The methanol
energy profile is shown in (c). The letters label minima, and letters with primes label transition states.

cluster/support. The electron gain is smaller on the bimetallic
(—0.49) versus monometallic oxide cluster at the support
(—0.68) confirming gas-phase results from the literature.’® In
addition, the analysis of bond lengths for Pd—C (2.5 A) versus
Cu—C (2.3 A) supports the fact that higher charge transfer to
bound CO, occurs within the monometallic than in the
bimetallic case (cf. Figure S3).

The highest occupied @ molecular orbital (a-HOMO) of
Cu,yPdO,/Zr,0,, shows electron delocalization at the
oxidized CuyPd cluster (Figure 1c). In order to illustrate
charge distribution after H-HCOO binding (Figure 1d), we
also demonstrate the lowest unoccupied o molecular orbital
(a-LUMO) for the structure from Figure 1b. The electron
delocalization is present within —HCOO attached to the
cluster and the subunit of the support.
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A comparison of structural properties between the bimetallic
and monometallic cluster at the support illustrates bond length
changes within bonding of Pd with O and Zr, and difference in
distortion between CusPd and Cu, is also present (cf. Figure
S3). The latter may play a central role in exploiting structural
changes in the catalytic moiety by the morphology of the
underlying support, for example, in structure-sensitive
reactions, "%

Altogether, described structural properties illustrate the
starting point of the reaction pathway including Cu;PdO, at
the model of the surface interacting with CO, and H,.

Mechanism of Methane Formation. Conversion of CO,
to methane by the bimetallic Cu;PdO, cluster at the support
involves four hydrogenation steps for which the DFT-
calculated energy profile is shown in Figure 2 and in Scheme
1. Analysis of the energy profile provides the mechanism for
the methanation reaction.

Scheme 1. Reaction Pathway of CO, Hydrogenation at
Cu;PdO,/Zr,0,, Following Figure 2 According to Steps
(A—Q), Where Q Is Branching to V and to s“

A -COo,
V't Q -OCH:+-H _
B -CO, +-H +-H 2
rd X
G "HCOO + -H Methane Methanol
H, formation route formation route

H -HCOOH + -H + -H R -O+-CH;+-H r -CH;0H + -H + -H

K -H,COOH + -H S -O + CH, s +CH3OH + -H + -H
"o (T .
4
L -OCH,+-OH +-H T -OH+-H
v H |
M -OCH, + -OH, +-H+-H | U -OH,
N -OCH,+H,0+-H+-H | v +H,0
FED -

Q -OCH; + -H

a« »

is the symbol for adsorbed species.

At the starting point of the reaction, CO, is bound to the Cu
atom according to the results of the search for the lowest
energy structure. Parallel to the previous investigation of the
methanation reaction on monometallic Cu,O, at the
support,'® the formate pathway has been chosen. Therefore,
the first hydrogenation step on bimetallic Cu;PdO, at the
support shows the formation of —HCOO bound to Cu and Pd
atoms. Notice that in order to reach minimum D, which has
been addressed in the context of structural properties
previously (Figure 1b), relatively small barriers have to be
overcome (0.43 and 0.14 eV) between B and D minima. The
other steps (E—G) are responsible for additional stabilization
of —HCOO. Altogether, the first step is exothermic by —0.71
eV (B — G).

Within the second hydrogenation step, —HCOOH and
—H,COOH species are formed involving two barriers of 0.83
eV (G') and 1.09 eV (H’). After stabilization (Figure 2K),
—H,COOH decomposes into formaldehyde (—OCH,) bound
to the Cu atom and hydroxyl (—OH) bound to both Cu and
Pd atoms (Figure 2L), overcoming a barrier of 0.6 eV. The
mechanism within the second hydrogenation step requires
bond breaking resulting in an endothermic pathway (G — L)
by 0.73 eV. We investigate also whether the other branches can
lower the barriers within the part of the second step. In fact, as
shown in Figure S4, hydrogenation at the Pd atom lowers the

barriers to 0.34 (e’) and 0.99 eV (f'). These results show that
the hydrogenation at the Pd atom can be energetically
favorable, suggesting a new role of the Pd atom.

The first H,O molecule is produced within the third step of
hydrogenation overcoming a small activation energy of 0.1 eV.
After desorption of H,O, the methoxy (—OCH,;) is created
over three steps with barriers of 0.06, 0.18, and 0.08 eV (Figure
2N’—P’). The two barriers corresponding to 2.25 (Figure 2Q’)
and 1.83 eV (Figure 2R’) are responsible for breaking the O—
CH; bond and formation of the methane, respectively.
Therefore, the third hydrogenation step is endothermic by
179 eV (L = S).

The last hydrogenation step includes the formation of the
second H,O molecule over barriers of 0.33 eV (S’) and 0.35
eV (T’), which is exothermic by —1.37 eV (S — V).

In addition, we investigated within the fourth step of the
methanation reaction the two more branches. They involve (I)
removal of the second water molecule before methane
formation (Figure SS5) and (II) the fourth hydrogenation
taking place at the Pd atom with the aim to determine its role
(Figure S6).

The branch (I) was examined to verify if there is an
energetically more favorable route for the fourth hydro-
genation step. The barrier of 0.37 eV (7') has to be overcome
for the creation of —OH via hydrogenation at the Cu site.
Although a similar barrier value has been found for S’ (Figure
2), the two higher stabilization steps within the branch (I) are
present (5, —2.57 €V and §, —2.87 eV). The barrier between s
and U is larger (3, 1.07 V), but it is energetically compensated
for due to the binding of —CH, to both Cu and Pd (T).
Despite the large barrier necessary for the formation of CH,
(@’), there is sufficient energy available for this endothermic
pathway in comparison to that in R’ (cf. Figure 2). Moreover,
the branch (I) is energetically accessible and lies below the
starting point of the reaction.

The branch (1) serves to examine the energy profile for the
pathway using the advantage of binding H, at the Pd atom. In
fact, starting from the structure S of Figure 2, removal of H,O
is energetically favorable proving an important role of the Pd
atom, which involves dissociation of H, and stabilization of
intermediate steps (cf. u and v of Figure S6).

In summary, only CuPd actively participates in hydro-
genation steps. Hydrogen dissociation seems to be well
promoted by the Pd atom since it reduces corresponding
barriers. Altogether, the mechanism of the CO, methanation
reaction within four hydrogenation steps involves the
formation of —HCOO, —HCOOH, and —H,COOH inter-
mediate steps. In order to produce CH, and H,O, the breaking
of the —H,COOH into —OCH,, and OH and of O—CHj into
O and —CHj; take place. The latter one is the rate-determining
step for the methanation reaction along investigated pathways.

In addition to the formate, we have also considered a reverse
water—gas shift reaction (rWGS) pathway, as shown in Figure
S7. The route proceeds over the transition state for —-COOH
formation with a barrier of 1.15 eV and lies below the starting
point of the reaction. However, the calculation of the transition
state for —OCH formation along this route requires 1.97 eV
and is energetically demanding. Overall, the rtWGS pathway
includes higher energies compared to the formate route.

Mechanism of Methanol Formation. Hydrogenation of
methoxy species, which is bound over oxygen to Cu and Pd
atoms, yields Cu—CH;OH (Figure 2c). The transition state
can proceed over adsorbed H, to either Cu or to the Pd side of

https://doi.org/10.1021/acs.jpcc.2c04921
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Figure 3. Comparison of DFT energy profiles for four hydrogenation steps of bimetallic Cu;PdO, with the monometallic cluster Cu,O, at the
support (Zr,0,,) involving the two pathways leading to methane and methanol formation.

the methoxy, with barriers of 0.34 and 0.13 eV, respectively.
The desorption of methanol from the Cu atom is endothermic
by 1.01 eV. The rate-determining step of the methanol
pathway is the transition state for the formation of
—H,COOH. Altogether, the formation of methanol is
energetically favorable on the zirconia-supported bimetallic
Cu;Pd cluster. Our simulations thus suggest an opportunity to
convert CO, to both methane and methanol depending on the
reaction temperature.

Monometallic versus Pd-Doped Bimetallic Oxidized
Tetramer Clusters at the Support. Energy profiles of the
monometallic and Pd-doped oxidized copper tetramer at the
support are compared in Figure 3. Within the first and second
hydrogenation steps, both reactions are energetically similar.
The first step is exothermic by —0.68 eV for monometallic
versus —0.71 eV for bimetallic. The second step is endothermic
by 0.55 versus 0.73 eV. Production of the water molecule in
the third hydrogenation step requires a higher barrier at Cu,O,
(0.54 vs 0.1 eV for bimetallic). This is due to the fact that
dissociation of H, occurs at the Pd atom. In contrast to the
single barrier for the formation of methoxy (—OCH,) at
Cu,0, (0.54 eV), three smaller barriers have to be overcome at
the bimetallic cluster (0.06, 0.18, and 0.08 eV). Similar barriers
at monometallic and bimetallic clusters are present for
breaking the O—CHj; bond (2.19 vs 2.25 eV) and formation
of the methane (2.02 vs 1.83 eV). This step is more
endothermic for Cu,O, (2.5 eV vs 1.79 eV at bimetallic).
The barrier for —CH;OH formation at Cu,O, is 0.56 eV in
comparison to smaller barriers at bimetallic species (0.13 eV at
Pd or 0.34 eV at Cu). The activation energies required for the
formation of second H,O within the fourth hydrogenation step
are similar (0.3 and 0.28 eV vs 0.33 and 0.35 eV). The rate-
determining step for both cases is the transition state for
breaking of the O—CHj; bond and formation of Cu—CHj or
Pd—CHj;. For comparison of energies, see Tables S1—54.

Overall, the energetic pathways of CO, hydrogenation
(Figure 3) for both mono- and bimetallic clusters at the
zirconia support show that the route for methanol formation is
energetically lower compared to the one for the methane
formation. This is in line with the earlier theoretical and
experimental findings on monometallic Cu, at the alumina
support,'* where the methanol was the primary product of the
CO, hydrogenation at the lower reaction temperatures. On the
other hand, methane formation required significantly higher

reaction temperatures. Furthermore, experimental investigation
of CO, hydrogenation at the Cu cluster at the zirconia
support'” revealed that methane is the main product of the
reaction, and the methanol signal was not observed at high
temperatures. In this context, we conclude that methane versus
methanol production is temperature-dependent, regardless of
the single atom substitution of the cluster at the support.

In summary, the analysis of the HOMO, LUMO (cf. Figure
S$8), and charge transfer based on natural charges (Table SS)
together with comparison of energy profiles shows the
following trends:

(i) In the case of the bimetallic cluster, the CuPd unit
presents an interface with the support and has a key role
in the hydrogenation steps.

(ii) Hydrogenation steps on the Cu,O, cluster at the
support are energetically similar to those occurring at
the Cu atom of Cu;PdO,. In contrast, the difference
between the Pd-doped bimetallic and monometallic
cluster is evident when dissociation of H, occurs due to
the presence of the Pd atom.

(iii) In both cases, the support plays the key role since the
metal atoms of tetramers interact directly with Zr and O
atoms of the support.

(iv) Production of methane and methanol on both mono-
and bimetallic clusters at the zirconia support is
temperature-dependent.

(v) In general, the stability of the monometallic cluster at
the support is larger than that of the bimetallic one since
the charge transfer (cf. Figure S9) from the cluster to the
support is larger at the monometallic cluster.

In conclusion, the formate reaction pathway and the
obtained mechanism for both monometallic and Pd-doped
tetramers at the zirconia support allowed us to identify the
synergistic role of the Pd atom in hydrogenation steps.
Therefore, the incorporation of palladium in new catalysts
might be advantageous, which is also beyond the reaction of
interest of the present study, including other reactions where
addition or removal of hydrogen takes place. The question
which should be addressed in the future is whether an
increased number of Pd atoms in a tetramer would improve
catalytic performance.

Altogether, very small metallic clusters with extraordinary
structural and electronic properties stabilized and affected by
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the support and doped by other metal atoms show their
potential in improving catalyst activity.

B CONCLUSIONS

The aim of this study was to computationally explore new ways
of tuning catalyst performance down at the atomic level by
high-level control of the composition of the catalytic moiety,
on the case study of the monometallic copper tetramer and its
modification with one of the copper atoms exchanged for a
palladium atom yielding the Cu;Pd bimetallic cluster. Overall,
the results show (i) the central role of the CuPd unit in
reaction steps; (ii) the influence of the Pd atom on the
hydrogenation steps in which it directly participates,
demonstrated by lowering the energy barriers along the
reaction coordinate; (iii) the key role of the support due to
interaction of the tetramers with Zr and O atoms by charge
transfer and its redistribution within the different metal atoms
in the clusters; (iv) the finding that production of methanol
and methane can be influenced by the choice of temperature,
and this is independent from the Pd atom substitution; and (v)
higher stability of the monometallic than that of the bimetallic
cluster evidenced by the larger charge transfer from the cluster
to the support. Finally, we conclude that atomic-level doping
energetically lowers hydrogenation steps, offering a potential to
tailor performance of the catalyst.
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