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Activation of CO; is the first step towards its reduction to more useful chemicals. Here we systematically
investigate the CO, activation mechanism on CuzX (X is a first-row transition metal atom) using density
functional theory computations. The CO, adsorption energies and the activation mechanisms depend
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strongly on the selected dopant. The dopant electronegativity, the HOMO-LUMO gap and the overlap of
the frontier molecular orbitals control the CO, dissociation efficiency. Our calculations reveal that early
transition metal-doped (Sc, Ti, V) clusters exhibit a high CO, adsorption energy, a low activation barrier
for its dissociation, and a facile regeneration of the clusters. Thus, early transition metal-doped copper
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Introduction

Due to the increased carbon dioxide emission from fossil fuel
combustion, CO, reduction is an urgent problem for our
society. The rise of its atmospheric concentration leads to the
severe problems of global warming and the decrease of the
hydrosphere pH."® To mitigate these and also solve the inevi-
table depletion of the fossil fuels, the capture of the CO, and its
storage or recycling to industrially applicable chemical com-
pounds (e.g. methanol) is a possible solution."”*** Although
CO, hydrogenation to methanol is thermodynamically feasible,
in practice this reaction is hindered by the high kinetic
barriers."”> Thus, a suitable catalyst is necessary to facilitate
the reaction. Depending on the energy source, thermal,'®
electrochemical,’”*® and photochemical'®*° catalysts are dis-
tinguished. It is well known from the seminal work of Hori et al.
that copper surfaces catalyse the CO, electroreduction to
methane and various other small hydrocarbons.'” Methanol
is industrially produced by thermal catalysis from synthesis
gas, containing CO, CO,, and H,, using a Cu/ZnO/Al,O; catalyst
at high pressure (between 10 and 100 bar).”*
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clusters, particularly CusSc, may be efficient catalysts for the carbon capture and utilization process.

Since the late 1990s, nanocatalysis has also become a very
actively researched field.”>?** In particular, it is well known
since the work of Haruta et al., and subsequently from others,
that small clusters can exhibit unexpectedly high catalytic
activity.”**® Specific reactivity at the nanoscale may provide
special properties that are not achievable with standard macro-
scale materials (e.g. huge specific surface area, size dependent
electronic structure, etc.).®

Due to their well-defined compositions and precise geo-
metric structures, gas-phase clusters are excellent model sys-
tems to investigate the reactions at active sites of complex
catalysts.>” > With the help of gas-phase model systems it
was possible to uncover reaction mechanisms and the role of
cluster size,’>?' geometry,*>** dopant atoms,>**> and the
charge state.””*%?7

Transition- and noble metal-based catalysts are among the
most studied CO, reduction catalysts, partly because of their
relative stability under reaction conditions and the various
synergistic effects that can be achieved by combining different
metals. In particular, copper exhibits a promising activity,****
particularly in organic bond-coupling reactions** and the
hydrogenation of carbonate to methanol.*®

Copper is one of the most promising metals for CO,
reduction. Copper catalysts of various sizes and types are widely
used for the hydrogenation of CO, to methanol and show
exceptional activity and very good methanol selectivity for low
temperature CO, hydrogenation.*®*” Various copper surfaces
(111, 211) and copper clusters Cu, (n = 13, 15, 19, 55, 79) have
also been studied, of which n = 19 was found to be the most
active for CO, dissociation.*® The mechanism of the metal-
mediated reduction of CO, to CO was investigated using DFT
computations.**™>

This journal is © the Owner Societies 2021
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Cationic copper clusters can, depending on their size, facilitate
dissociative H, adsorption, an important step in CO,
hydrogenation.>*>*

The catalytic effect of copper nanoparticles and clusters
deposited on the ZnO surface is outstanding.> It was shown
that the deposited clusters are much more active than the
conventional industrial catalysts.’® Experiments and density
functional theory (DFT) calculations showed that Cu, clusters
exhibit high activity and a low activation barrier for CO,
reduction to methanol®”*® and methane.>® Further tuning of
the CO, reduction activity of various catalysts is in the frontier
of interest.

Several studies have investigated the effect of the cluster size
and support on the reactivity towards CO,. Alumina surface
deposited copper clusters exhibit non-monotonous size depen-
dent activity (Cuy/Al,O3 > Cu,¢/Al,03 > Cus/Al,03) for the CO,
reduction to methanol.®® Similarly, high methanol synthesis
activity was observed for Cu, clusters deposited on a Fe,O3
surface.®® It was shown that due to electron transfer from the
catalyst to the CO, molecule, Cu,/TiO, (x = 1-5) promotes CO,
activation in all cases compared to the pure TiO, system.®*®
These results highlight the synergistic effects between clusters
and their support. According to computational studies
graphene-supported Cu, clusters are promising for
electrocatalysis,* while experiments showed that carbon-
supported copper clusters are highly active catalysts for CO,
reduction.®®

For small (111)-like facets (Cuys, Cuss) the hydrocarbon produc-
tion is favourable, while synergetic effect between (100)- and
(111)ike facets (Cugg, Cuyo) favours CO production.®® Cus, Cus,
and Cuy, Cug exhibit similar CO, reduction mechanisms. The rate-
determining step is the cleavage of the adsorbed OH in the first
case, while it is the proton-electron transfer to the adsorbed CO for
the latter one.®” The redox behaviour of Cus and Cu,,, and the effect
of CO, also has been investigated.*® CO, adsorbs more strongly on
Cus than on Cu,, and larger nanoparticles, and forms bicarbonate
in solution. This explains the high electrochemical CO, reduction
activity of Cus.

The composition dependence of the catalytic activity of
doped clusters is less studied. It was shown that chalcogen
doping of copper clusters lowers the activation barrier and
enhances the selectivity for electrochemical CO, reduction to
methane.®® A combined spectroscopy and computational study
of gas-phase Mn,O," (x = 2-5, y > x) showed linear binding of
CO, and only a small change in the CO, electronic structure.
Therefore, Mn-oxide does not seem to be a suitable material for
CO, activation.”® Experimental studies showed, that gas-phase
Pt, Pd, Cu and Pd-Cu bimetallic hydride cluster anions
can catalyse the formation of formate and formic acid from
CO0,.”"7* €O, reduction on cationic titanium hydride com-
plexes [LTiH]" (L = cyclopentadyenil, O) showed ligand-
dependent CO, reduction pathways. These clearly indicate, that
the product selectivity can be tuned by the composition.”®
The study of CO, hydrogenation to methanol and formate on
Pd¢M (M = Cu, Ni, Pt, Rh) showed that the dopants can reduce
the activation barriers, thus enhancing the catalytic activity.”®
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The Ni dopant was found to be especially active. It was observed
that doped clusters tend to be more selective toward formate
than to CO, thus leading to methanol or methane formation.
These clusters were found to be more active than the Cu(111)
surface. CO, adsorption and dissociation were studied on NizM
clusters, with M = Ni, Mo, Sc, or Y. With the exception of the Mo
dopant, the Niy;M clusters promote CO, dissociation with the
Sc-doped cluster being the most active.”” Another DFT study
showed that Sc and other early 3d transition metal atoms are
promising dopants for CO, activation on [MMgO,]"*~ clusters,
while in contrast late 3d transition metals are favored for
methane activation.”® It was found that the atomic d orbitals
of the metals atoms play an important role in the CO, activa-
tion, because the electron transfer takes place from the metal’s
d orbital to the unoccupied o orbital of CO,.”® Gas-phase pure
platinum clusters exhibited size-dependent CO, activation.®®
CO, adsorption on gas-phase Cu, ,Pt, (x = 0-4) was investi-
gated using DFT calculations. High adsorption energies (from
—78to —158 k] mol ™ *) and CO, adsorption in a bent mode were
found,®" and could be explained by charge transfer towards the
cluster’s LUMO.%* Based on the reversible structural transfor-
mation, the optimal strength of the interaction between the
cluster and the adsorbent, and the low CO, dissociation barrier,
CuzPt is a promising catalyst.®" It was shown, that Ni- or
Pd-doped Cu, clusters exhibit higher adsorption energy and
promote the CO, activation, because the dopant enhances the
charge transfer between the cluster and the adsorbent.®?
Although none of these clusters decrease the CO, dissociation
barrier. Zr-doped copper clusters made the CO, dissociation
also possible and Cu;Zr was found to be especially active. The
HOMO-LUMO gap and the charge of the adsorbed CO, mole-
cule were found to be the most important factors to determine
the catalytic activity.®*

While doping has been applied to fine-tune and improve the
activity of metal clusters, a systematic investigation of the effect
of the different dopants for CO, activation is not yet available.
The goal of this work is a comprehensive investigation of the
effect of the first-row transition metal dopants (X) for the CO,
activation by small copper clusters. We selected the Cus;X
clusters for this study because it was experimentally shown
that Cu,/AlL,O; is effective for CO, reduction to methanol®” and
because computational studies indicated that the Pt-,*' Ni-,*?
and Zr-**doped four-atomic copper clusters are effective for CO,
activation.

Computational methods

Density functional theory computations were carried out using
the Q-Chem 5.3 program package.®® The structures were pre-
optimized using the TPSSh/def2-TZVP method,?*®*” while the
most stable structures were reoptimized using the TPSSh/
def2-TZVP+D3 level of theory. This method was selected after
a benchmarking analysis of the effect of the basis set size and
the level of correlation (up to CCSD(T)/def2-QZVPPD reference)
for the relative energies of different molecules and radicals
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bound to Cu, (see Fig. S1 and S2 and Table S1 in ESIt for
details). For each structure a stability analysis was performed to
ensure that the SCF procedure converged to a minimum with
respect to the molecular orbital coefficients. Subsequently, the
harmonic vibrational frequencies were determined to confirm
that the minima and transition structures have zero and one
imaginary frequencies, respectively. Intrinsic reaction coordi-
nates were computed starting from the transition structures.

We selected seven initial structural isomers (thombohedral,
tetrahedral etc. see the ESIf for details of the most stable
isomers) and performed geometry optimizations using possible
multiplicities of 1 to 7 and 2 to 8 for clusters with an even and
an odd number of electrons, respectively. After the identifi-
cation of low energy bare metal clusters (up to ~50 kJ mol "
above the lowest energy structure), CO, adsorption in different
binding modes (O-Cu bond, O-X bond, C-Cu bond, C-X bond,
ring, etc.) and structures with dissociated CO, were system-
atically investigated to locate the intermediates and products
of the CO, activation reaction, as described in ref. 88. Sub-
sequently, we explored the full reaction pathways.

Finally, we analysed the electronic structure using the
Frontier Molecular Orbitals, Natural Charges,®>°° Wiberg bond
indexes, and the Energy Decomposition Analysis based on the
Absolutely Localized Molecular Orbitals (ALMO-EDA).”*

Reaction energies are computed with reference to the lowest
energy bare gas phase clusters and the CO, molecule. Free
energies were computed at a pressure of 1 atm and at various
temperatures using the Tamkin library.””

Results
1. Geometry and electronic structure of bare clusters

The lowest energy isomers of the CusX clusters (X = Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn) are depicted in Fig. 1. Except for Zn,
their total atomization energies (the energy change during the
dissociation of the clusters to separated atoms in their most
stable spin states) are similar to that of the Cu, (see Fig. S7 in
the ESIt). As Al,O3-deposited Cu, clusters were successfully
applied to hydrogenate the CO, to methanol,”” we expect that
the doped clusters are also stable synthetic targets.

The obtained lowest energy structures for CuzSc and CusV
are consistent with previous results.”°* All lowest energy CuzX
clusters have planar rhombus shapes. The frontier orbitals of
the CusX clusters are consistent with the phenomenological
shell model (PSM)**® as each copper atom contributes 1
valence electron, while the transition metal dopants contribute
2 to 4 itinerant electrons, resulting in 1sp®~ electronic struc-
tures. Consistently, the LUMOs of most clusters correspond to a
p orbital in the PSM (Fig. 2). It is interesting to note that the
HOMO and the LUMO indicate a partially filled D shell in the
case of manganese doping. This is explained by the hybridiza-
tion of the shell orbitals with the d atomic orbitals of
manganese.”” A similar LUMO shape is observed for CusZn.

Generally, the dopant atom prefers the high coordination,
obtuse apex position. The only exception is the Zn, where the
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Fig. 1 Lowest energy structures of the bare CuszX clusters, the CO,
entrance adducts/complexes, the intact CO, adducts, and the lowest
energy structures of CuzX—-CO,. Spin multiplicities of the clusters are
indicated in the superscripts. Notations: oa — obtuse apex, aa — acute apex.

acute apex doped isomer is ~10 k] mol ' more stable.
Although in this case the CO, dissociation is thermodynami-
cally unfavoured. Because of this and for consistent compar-
ison we only discuss the obtuse apex case. The Wiberg bond-
indices (Table 1) show highly dopant-dependent partial cova-
lent bonds between the dopant atom and the adjacent copper
atoms. The Cu-X bonds are the strongest in the case of early
transition metals (X = Sc, Ti or V) and the weakest in the case of
X =Mn and Zn.

The variation of the Cu-X bond indices can be explained by
the electron donation from copper 3d atomic orbitals to the
partially filled valence 3d orbitals of the dopant, which was
shown to lead to high coordination scandium-doped copper
clusters.”® On the other hand, zinc has a fully occupied 3d shell

This journal is © the Owner Societies 2021
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Fig. 2 (a) Total (black line) and partial (red and green lines for the s and d
atomic orbital contributions, respectively) Density of States (DOS). Shaded
areas show the occupied orbitals. For open shell clusters, the majority spin
DOS is shown. (b) The frontier orbitals of CuzX and the main Comple-
mentary occupied-virtual pairs (COVP). In the COVP pairs solid and
transparent surfaces indicate the donor and acceptor part of each pair,
respectively.

Table 1 Natural atomic charges and Wiberg bond-indices in the lowest
energy isomers of CusX

Bond Bond Wiberg Wiberg
length length  bond bond

Charge Charge Charge of Cu,,- of Cu,,~ index of index of

X of X of Cu,, of Cu,, X[A] X[A] CUpa-X  Cugy-X
Sc 0.50 -0.17 -0.16 2.55 2.48 0.82 0.77
Ti 0.39 0.04 —0.22 2.53 2.57 0.42 0.51
\Y% 0.26 0.14 —-0.20 2.51 2.57 0.39 0.46
Cr 0.40 0.18 —0.29 2.43 2.58 0.42 0.27
Mn 0.46 0.04 —0.21 2.51 2.53 0.15 0.31
Fe 0.34 0.19 -0.27 2.34 2.45 0.50 0.36
Co 0.28 0.25 —0.26 2.31 2.43 0.47 0.34
Ni 0.29 0.26 —0.28 2.40 2.28 0.48 0.32
Cu 0.27 0.27 —-0.27 241 2.28 0.45 0.30
Zn°** 0.42 0.02 —0.22 2.42 2.41 0.14 0.28
Zn®®% 0.22 —-0.11 0.00 2.45 4.14 0.19 0.29

% aa and oa refer to acute apex and obtuse apex positions, respectively
(Fig. 1).

and electron donation is only possible to the less favoured Zn
4p orbitals. This idea is consistent with the small difference
between the stabilities of the low-coordinated zinc at the acute
apex or the higher coordinated zinc at the obtuse apex position.

The partial atomic charges depend considerably on the
dopant atom and at the obtuse apex dopant position they are
generally in line with the dopant electronegativities. Thus, not

This journal is © the Owner Societies 2021

View Article Online

PCCP

only the electron donation to the unoccupied 3d atomic orbitals
of the dopant, but also polarization effects determine the
partial atomic charges. This is well reflected in the calculated
density of states of the bare clusters (Fig. 2).

The variation of the magnetic moments of CuzX follows
similar trend to that of the free transition metal atoms: Cr and
Mn dopants lead to the largest magnetic moments (see the ESIT
for details).

2. CO, adsorption and activation mechanism

Possible geometries of the different CO, adducts were system-
atically investigated (lowest energy structures are depicted in
Fig. 1; additional structures are available in the ESIt) and the
CO, dissociation reaction pathways are shown in Fig. 3.

We analyse three classes of CO, adducts: (i) entrance com-
plexes that can be reached from the CuzX and CO, reactants
without an energy barrier, (ii) intact CO, adducts that contain
non-dissociated CO,, and (iii) the lowest energy CO, adducts
are the thermodynamically most stable among the located
Cu;X-CO, isomers.

CO, adsorption quenches the magnetic moment of Sc-, Ti- and
V-doped clusters and partially also for Mn, thus spin-flip should take
place during the CO, activation (see the ESIt for the details).
However, the spin-orbit coupling is relatively weak in the case of
the firstrow transition metals, thus, we expect that the chemical
reactions are much faster than the spin relaxation. Hence, the spin-
flip is expected to take place in the reaction product and the reaction
proceeds on the high-spin potential energy surface. Therefore, we
computed the reaction paths using the initial spin state of the
cluster. The only exception is the Cu;Sc, where the singlet and triplet
states of the bare cluster are quasi-degenerate, but the all the singlet
CuzSc-CO, entrance adducts are significantly more stable. There-
fore, we explored the reaction path on the singlet potential energy
surface, while the most stable spin states are discussed in the ESLT

Fig. 3 shows the dopant-dependent trends in the CO,
reactivities of CuzX clusters. Generally, early transition metal
Cu;X clusters yield thermodynamically more stable intermedi-
ates and products as well as lower transition state energies than
the late transition metal CusX clusters. This opens the way
towards fine-tuning the reactivity with an appropriate dopant.

The entrance complex geometries depend on the dopant
type. There are three different CO, adsorption modes in Fig. 3.
In case of X = Sc, Ti, V, Fe, Co, or Ni the CO, molecule binds to
the clusters without an energy barrier in a di-c mode, i.e., the
molecule bends and forms formal oxygen-dopant and carbon-
copper bonds.

In the case of Mn or Zn dopants, the adsorption is preceded
by a van der Waals complex and the subsequent stabilization to
a di-o structure is hindered by an energy barrier. For X = Cr or
Cu, the intact, linear CO, binds to the cluster without an energy
barrier, while very small barriers of 6 k] mol~" and 1 kJ mol %,
respectively lead the di-c structures.

The barrier following the di-c structure is the highest in all
the reaction paths. This shows that the di-c structure plays a
central role in the reaction path of all the dopants.

Phys. Chem. Chem. Phys., 2021, 23, 21738-21747 | 21741
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Fig. 3 The reaction pathways for CO, activation on CuszX. Superscripts indicate the spin multiplicities of the different structures along the reaction paths.

Shaded areas indicate the transition states.

The geometric structures of the most stable adducts depend
considerably on the dopant atom type. In case of CuzCo and
Cu;Ni, the intact CO, adduct is the most stable, while in all
other cases CO, dissociates to CO and a formal oxide ion. In the
dissociated product the CO binds at the acute apex position in
all doped clusters and oxygen is in a bridge position above the
adjacent copper-dopant edge.

Based on the similarities of the reaction paths, the dopants
can be classified into four categories:

Type I - scandium, titanium, and vanadium (short-dashed
line in Fig. 3): the entrance complex is the lowest energy intact
CO, structure with a di-c binding mode. This is formed from
the reactants without an energy barrier. The cluster-CO, adduct
then isomerizes to a tetrahedral geometry. Here, the dopant
atom locates at one of the apexes of the tetrahedral structure
and not the oxide ion, as observed in Cuy. All the barriers are
submerged, implying a facile CO, dissociation reaction. The
dissociated CO forms thermodynamically stable adduct with
the cluster, thus its desorption and the cluster catalyst regen-
eration will be investigated in Section 4.

Type II - manganese and zinc (dotted line in Fig. 3): CO,
forms only weak van der Waals complexes in the case of Mn
and Zn at the obtuse apex position. Subsequently, low barriers
lead to the di-o structure with intact CO,. This structure is
unstable in the Zn-doped and metastable in the Mn-doped case
that is energetically stabilized during the subsequent reaction
step. The CO, dissociation is hindered by energy barriers with
the transition state energy being well above that of the reac-
tants. Moreover, in the case of acute apex positioned CuzZn*?
the CO, dissociation is thermodynamically unfavoured.

Type III - chromium and iron (dash-dotted line in Fig. 3): in
case of Fe the initial CO, adsorption is similar to the Type I and

21742 | Phys. Chem. Chem. Phys., 2021, 23, 21738-21747

Type IV dopants, where the intact CO, adduct formation is
barrierless and the final product involves dissociated CO with a
formal oxide ion in bridge position on rhombus shape cluster.
In both the chromium and iron case, the rate determining step
is the CO, dissociation with a transition state lying somewhat
higher in energy than the reactants. The preceding reaction
barrier that exists in the Cr case is very small and does not
make a qualitative difference between the chemical behaviour
of Cr and Fe dopants.

Type IV - cobalt and nickel (long-dashed line in Fig. 3): in
contrast to copper, no adsorption barrier was found for the
clusters doped with Co and Ni and the most stable product is
the di-o structure with intact CO,. However, in contrast to pure
Cuy, CO, dissociation is thermodynamically unfavoured.

3. Electronic structure analysis

The bent shape of the CO, molecule and the atomic charges
(Table 2) in the most stable intact adduct with di-c structure
(third column in Fig. 1) indicate its activation and significant
charge transfer from the cluster to the molecule. Depending on
the dopant, the carbon-oxygen bond orders decrease from 1.91
in the free CO, molecule to 1.10-1.50 in the intactly bound CO,.
The negative charge of the oxygen atoms imply a carboxyl group
(Table 2). This negative charge is compensated mainly by the
dopant atom.

To investigate the electronic structure origin of the charge
transfer between the cluster and the carbon-dioxide in the
different cluster-CO, adducts, the charge transfer energy was
decomposed to contributions from Complementary Occupied
Virtual Pairs (COVPs) (Fig. 2 and 4, see the ESIT for the details).
In case of the intact adducts, the most significant COVP of the
most stable intact CO, adduct shows electron donation from

This journal is © the Owner Societies 2021
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Table 2 Dopant atom charges in the di-o structure of CuzX for different dopants in unit of the elementary charge e; O-X, Cu-C, and C-O Wiberg

indices; and CO, dissociation barriers in kJ mol™*

CO, charge Dopant charge O-X bond Cu-C bond Cu-X bond Dissociating C-O bond CO, dissociation barrier
Dopant  [e] le] index index index index [kJ mol "]
Sc —1.00 1.04 0.60 0.25 0.47 1.10 37
Ti —0.84 0.58 0.49 0.35 0.33 1.20 67
\Y —0.81 0.50 0.42 0.36 0.33 1.29 73
Cr -0.71 0.55 0.28 0.38 0.25 1.42 126
Mn —0.89 0.96 0.25 0.42 0.05 1.21 107
Fe —-0.77 0.64 0.27 0.29 0.36 1.39 117
Co —0.72 0.50 0.25 0.30 0.34 1.45 —
Ni —0.66 0.37 0.25 0.30 0.33 1.50 —
Cu —0.59 0.45 0.13 0.40 0.13 1.50 185
Zn —0.90 0.96 0.16 0.44 0.03 1.25 115
a) 0 d atomic orbitals. Also, the HOMO/SOMO energies of the early
= -50 / transition metal-doped clusters are higher than those of clus-
§ ~100 - ters doped with the other transition metal dopants. This
55_150 J reduces the energy difference between the CO, LUMO and the
% 200 - = cluster HOMO. In addition to that, the shape of the LUMO
T 2 . . . .
i Lowest energy (Fig. 2) clearly imply favourable overlap with the CO, HOMO in
b) r—— case of early transition metals. This is in line with the slightly
= | 1 increased back-donation, especially in the case of Sc. These
£ 2001 contribute to the higher binding energy in the case of early
= transition metals.
§400 1 On the other hand, the overlap of the frontier orbitals of
g—eoo— —— Back-donation CuzMn and CuzZn with those of the CO, molecule, and the
uf ¢ | 11 |5 Dlonat'oln . increased energy gap between the cluster HOMO and CO,
© 500 LUMO explain the small energy barriers up to ~30 kJ mol™*
——250 4 in these cases from the entrance complex to the more stable
g 300 4 di-c structure.
:’é_ 350 - The energies of the HOMOs/SOMOs decrease gradually from
2 —e[" Lumo Sc to Zn, thus their energy differences to that of the CO, LUMO
ut’ -400 - HOMO or SOMO . S . .
increase. This is in line with the decreased stability of the
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o TV & Mn Fe co N Ca 2zn 1nter}rlne(§l.1ateij znd the. I;Ir(t))ducts with the atomﬁc Ilumber.
Fig. 4 (a) Reaction energies of CuzX-CO, compared to the pure cluster The di-c adducts with bent, intact CO, are the key structures

and free CO,, (b) charge transfer energies due to electron donation from
the cluster to the CO, or back-donation in the opposite direction, and
(c) frontier orbital energies of the most stable intact CO,—cluster adducts.

the cluster HOMO to the CO, LUMO (Fig. 2). As the CO, LUMO
is antibonding, electron donation to this orbital explains the
weakened carbon-oxygen bond and the bent shape of the CO,
molecule. On the other hand, the back-donation from the CO,
HOMO to the cluster LUMO is generally small and a notable
effect is observed only in the case of scandium doping (Fig. 4).

This is in line with the observed negative charge of the
adsorbed CO,. The dopant dependent contribution of valence s
and d orbitals to the HOMOs/SOMOs (Fig. 2) are also reflected
in the shape of the donor part of the COVPs. The SOMOs of Mn
and Fe have small contributions from the valence s orbitals,
thus the donor COVPs have clear, localized d characters, while
in the early transition metal doped Cu;X with itinerant
d electrons and high contributions from the valence s orbitals
to the SOMOs, large, delocalized lobes on the donor part of the
COVP clearly show the role of the hybridization of s and

This journal is © the Owner Societies 2021

to interpret the reaction mechanism, as their properties directly
correlate with the CO, binding energy and the dissociation
activation energy (Fig. 5). The oxygen-dopant bond index
decreases with the mass of the dopant atom X, while the
carbon-copper bond index follows the opposite trend. It is well
visible that O-X bond order correlates both with the CO,
adsorption energy and also with the activation energy corres-
ponding to its dissociation. It follows from the figure that the
lower the O-X bond index, the less stable the intact CO, adduct
is and the higher the energy barrier for CO, dissociation. As
discussed above, the changes of the bond orders are due to
electron donation from the cluster HOMO to the CO, LUMO,
but the correlation between the charge transfer energy and the
activation energy is weak. On the other hand, the good correla-
tion between the O-X bond orders and the activation energy of
the CO, dissociation clearly show that the strong bonds
between the cluster and the CO, enhance the activation of CO,.

Similarly, to the Cu, case, the atoms in the shorter diagonal
bears a partially positive charge in all of the doped Cu;X
clusters (Table 1). However, the electronegativity of the dopant
atom plays an important role, as the nucleophilic attack will
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Fig. 5 Correlation between the O-X and C-O bond orders and charge
transfer energy corresponding to electron donation in the di-c adduct
with the reaction energies and dissociation barriers corresponding to
CO, dissociation. The orange lines are linear trendlines. Coefficients of
determination are given in the top right corners.

also take place more easily and the O-X bond will be stronger
(Table 2) and structure with bent CO, is greatly stabilized in the
case of the lower electronegativity early transition metal
dopants. The Wiberg indices show that the O-X bond is the
weakest in the case of the Zn- or Mn-doped clusters (Table 2), so
the dopant Mn and Zn atoms with relatively low electronega-
tivity will be polarized not towards the oxygen but towards the
adjacent copper atom. This effect is so strong that while the
electronegativities of Sc and Ti are 1.36 and 1.54, the partial
charges of the dopant atoms are 1.04 and 0.58, respectively. For
Mn and Zn, which electronegativities are 1.55 and 1.65 and the
partial charges equal to 0.96 in both cases (Table 2). Therefore,
compared to other doped clusters, the bond strength between
the more electron-rich Cu atom and C increases significantly
and in return the C-X bond strength decreases (Table 2). This
indicates a reduced donation interaction, which weakens the
C-0O bond to a lesser extent than in the Type I dopants. This
leads to slightly higher dissociation barrier than for Sc, Ti, V,
but still lower than in the Cu, case.

In the Cu;Cr and CujFe cases, large overlap is possible
between the frontier orbitals, which is beneficial to strengthen
the O-X bond. But, since the Cr and Fe have relatively high
electronegativities (1.66 for Cr; 1.83 for Fe,), the dopant is less
polarized, which has a weakening effect. Thus, intermediate
strength O-X bond is formed between the dopant atoms and
the CO,. In line, the C-O bond is weakened to a lesser extent
than in the Type II case.

4. General considerations for CO, reduction

Finally, we summarize the most important factors for the
selection of the most suitable doped cluster catalyst.
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The very first of these is the relative stability and formation
of the di-c structure. For Zn, Mn, Cu and Cr dopants, an energy
barrier precedes the formation of this structure. However, this
barrier is relatively low, less than 35 kJ mol '. The reaction
energy of the intermediate plays an important role, since the
released energy can be used to overcome the dissociation
barrier, and the more stable our structure, the easier it can
be realized in practice. This reaction energy is shown in Fig. 4.
Based on these, Sc, Ti, and V are the most promising.

The second factor is the height of the dissociation barrier
(Fig. 5). Sc, Ti and V have the lowest of these, while it is the
highest in the case of the pure copper cluster. The third
important factor is the relative stability of the final product,
i.e. the reaction energy (Fig. 4). This is also favourable for the
Sc-, V- and Ti-doped clusters.

Thus, the early transition metals of Type I are the most
promising dopant atoms, as they lead to the smallest dissocia-
tion barriers and at the same time give the most stable
structures. However, an over-stabilized product of the CO,
dissociation can also hinder the elimination of the product
from the cluster surface, i.e. the cluster cannot be regenerated.
For this reason, we must also study the CO desorption energy.

Our study has shown that in each of the cases discussed
here, the CO desorption from the final structure proceeds
without an energy barrier. Fig. 6 shows a relatively weak dopant
dependence of the CO desorption energy. This could be inter-
preted by the fact that the CO binds to the opposite side of the
cluster as the dopant. Among the different dopants, Type I
leads to the lowest desorption energies and it is lowest in the
case of the Ti dopant. On the other hand, the pure copper
cluster has the highest CO desorption energy.

180
170 -
160 -
150 A
140
130 A

CO desorption energy [k)/mol]

Se Ti V. Cr Mn Fe Co Ni Cu 2Zn

200 A

150 A

100 A

50 A

-50 4

Reduction energy [k)/mol]

o«

T
Sc Ti V Cr Mn Fe Co Ni Cu 2Zn

Fig. 6 CO desorption energy from the CusXO(CO) clusters. The oxide-
cluster reduction energy is calculated based on the following reaction:
CuzXO + Hy, - CuszX + H,O stable dissociated CO, product was not found
for Co and Ni.
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Finally, the Cuz;XO cluster must be reduced to close the
catalytic cycle. While the exploration of the detailed, multistep
reduction mechanism is beyond the scope of our present
article, we studied the thermodynamic driving force according
to CuzXO + H, — CuzX + H,0. The reduction energy shows a
strong dopant-dependence with most favoured reduction in Cu
and Zn and least in Sc (Fig. 6).

In summary, early transition metals are favourable dopants
to facilitate the CO, dissociation, however the regeneration of
the catalyst is difficult. Nevertheless, the energy gain from the
CO, dissociation is high, so it can cover large part of the
regeneration energy. Thus, early transition metal-doped CuzX
clusters are promising catalysts in the gas phase.

On the other hand, CO, dissociation is hindered with high
energy barriers in late transition metal dopants, but the regen-
eration of the catalyst is facile. Transition metals from the
middle of the row (Mn or Cr) represent a promising balance.

Finally, we investigated the effect of the finite temperature
by computing the Gibbs-free energies from 300 K to 800 K for
several intermediates and products of Cu;Sc (see the ESIT for
details). As expected, due to the entropy effects, the relative
Gibbs-free energies of the adducts increase with temperature.
However, the adducts are all still highly stable thermodynami-
cally, even at the highest temperature. On the other hand, the
high temperature facilitates the regeneration of the catalyst, as
the dissociation of the CO product and the reduction of the
oxide are both favored. Only ~100 kJ mol~ " Gibbs-free energy
is necessary to regenerate the catalyst.

Conclusions

In summary, we found strongly dopant-dependent reaction
energies, reaction mechanisms, dissociation barriers for CO,
and less dopant-dependent desorption energies for CO during
the CO, activation with first row transition metal doped Cu;X
clusters. However, based on similar properties of some
dopants, the reaction mechanisms of these clusters could be
grouped into four categories.

The low electronegativity dopants of Type 1, i.e., early transi-
tion metals (Sc, Ti, V) lead to small HOMO-LUMO gaps and
relatively high overlaps between the frontier molecular orbitals
of the doped cluster and the molecule. This results in barrier-
free CO, adsorption in di-c binding mode, low dissociation
barriers, and notably high thermodynamic stability of the
adducts. These make the early transition metals very promising
dopants for CO, activation.

In the Type II electron-rich transition metal- (Mn, Zn) doped
clusters, we observed very weak binding between the oxygen
and the dopant due to a large HOMO-LUMO gap and small
overlap between the frontier molecular orbitals of the doped
cluster and the CO,. These lead to lower activation barriers for
CO, dissociation compared to the pure Cu, cluster, but still
higher than that in the Type I clusters.

The frontier orbitals of Type III metal (X = Cr, Fe) doped
Cu;zX clusters have high overlaps with those of the CO,,

This journal is © the Owner Societies 2021
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however due to their relatively high electronegativities the
O-X bond is less polarized and thus CO, adsorbs relatively
weakly, and the dissociation barriers are high.

For Ni and Co doped clusters (Type IV), dissociation of CO,
is thermodynamically unfavourable, thus the intact CO, struc-
ture is formed. Nevertheless, the bent structure of the molecule
and its negative charge clearly shows that it is activated.

Our work has shown that early transition metal dopants
facilitate the CO, binding and can reduce the CO, dissociation
barrier, thereby promoting CO, activation and reduction to CO.
This highlights the potential of doping effects and motivates
further studies to develop new CO, reduction catalysts, to
investigate further reduction to C1 or C2 product, and study
the effect of the surface deposition on these doped copper
clusters.
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