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Recycling CO, back to fuels offers an ideal solution to control anthropogenic global CO, emissions as well
as providing a sustainable green solution to alternative energy resources from a cheap and earth-abundant
carbon source. Size-selected nanoclusters open a novel area in catalysis as these atomically precise
nanoclusters possess unique electronic and catalytic properties different from larger nanoparticles and
traditional bulk catalysts. In this work, we have investigated the ability of first-row transition metal
nanoclusters (Sc—Cu) of varying sizes (3 to 10 atoms) for CO, electroreduction (CO,RR). Employing computa-
tional hydrogen model (CHE), we have performed detailed analyzes on various CO,RR electrocatalytic reac-
tion pathways on all nanocluster surfaces. We have identified a general trend of decreasing adsorption
energies while moving across the periodic table from Sc to Cu. Moreover, we have found a general prefer-
ence for CHO* mediated pathways over COH* mediated pathways for methane formation. The CHO*
mediated pathways prefer the reaction route via CHO* — CH,O* —» CH,OH* — CHy* —» CHz* —» CH4 + *
on most of the nanocluster surfaces. In addition, we have established that methanol formation is greatly disfa-
vored on all nanocluster surfaces, and the release of CO and HCOOH is greatly suppressed on all nano-
clusters. We have identified several nanoclusters as potential nanocluster-based electrocatalysts for CO,RR
for methane formation with relatively lower limiting potential values below 0.50 V. CO, electroreduction
versus hydrogen evolution reaction (HER) competition was also evaluated on various nanoclusters, and we
identified a number of nanoclusters (Tig, Vs, Vg, MNg, Mn;, Mnyq, Fey, Feg, Feio, Nig, and Cus) that can suppress
the formation of HER over CO,RR. We have also established a linear scaling relationship between the adsorp-
tion free energies of various CO,RR adsorbates to the adsorption free energies of CO,*, O* and C* adsor-
bates. We have found that scaling free energy relationships that exit on heterogeneous catalysts such as the
correlation between the adsorption energies of AH, with the adsorption energies of atom A (A =C, N, O, S,
etc.) often breaks on nanocluster surfaces, especially for adsorbates with more than one binding motifs.
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Introduction

One of the defining environmental, energy, and societal challenges
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+ Electronic supplementary information (ESI) available: Energy corrections (gas-
phase, liquid, and solvent corrections); coefficient of determination (R*) values for
linear free energy relationship between the adsorption free energies of CO,*, C*,
and O* with other adsorbates; adsorption free energies (AG, eV), residual charges
(e7), HOMO-LUMO gaps (eV), and spin multiplicities of various adsorbates on
first-row transition metal nanoclusters; correlations between residual charges
and HOMO-LUMO gaps with adsorption free energies for various adsorbates; free
energy changes (eV) for various electrochemical steps in the CO,RR process on
mid to late TM nanoclusters (Cr-Cu); potential-determining step (PDS) for various
CHO* and COH* mediated pathways and the free energy changes of the PDSs.
See DOI: https://doi.org/10.1039/d3cp00739a
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of the 21st century is how to efficiently control global warming and
the associated climate change by reducing anthropogenic CO,
emissions. Recycling CO, into useful chemicals, in particular to
fuels such as carbon monoxide (CO), formic acid (HCOOH),
methanol (CH;OH), and methane (CH,) is an excellent strategy
to reduce CO, emissions.'™ Moreover, it offers a simultaneous
sustainable energy solution to the rapid depletion of fossil fuel
resources. Even though CO, is an inexpensive, abundant, and
renewable C1 source for synthesizing many chemicals, the
activation and subsequent chemical transformation of CO, is a
formidable challenge due to its chemical inertness.

Although there have been many heterogeneous catalysts
with different supports and promoters reported for the direct
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hydrogenation of CO, with H,, these catalysts exhibit some
serious drawbacks such as high operating temperatures and
pressures (>200 °C and 50-100 atm pressures), lack of catalyst
tuning and formation of undesirable by-products.>® Electro-
chemical reduction of CO, (CO,RR) is an alternative way of
achieving CO, reduction and has the distinct advantage that
it operates at room temperature and atmospheric pressure.
Moreover, the electrocatalytic activity and selectivity can be
easily controlled by varying the electrode potentials.”** Among
many metals tested, Cu is the only metal that has been
experimentally shown to produce higher-order reduction pro-
ducts such as methane or ethylene, albeit with higher over-
potentials for CO,RR.">"* Although many metals have been
proposed for electrocatalytic reduction of CO,, industrial-level
large-scale conversion is still a formidable challenge. Moreover,
hydrogen evolution reaction (HER), a competing side reaction,
often prohibits the efficacy of the CO,RR catalysts. The devel-
opment of highly efficient robust catalyst made of cheap and
earth-abundant metals are an inevitable necessity to convert
the enormous amount of CO, that is released into the atmo-
sphere to control global emissions.

Nanocatalysis, more specifically catalysis by nanoparticles
(NPs) has gained significant momentum recently due to their
high activity and selectivity as well as low metal cost replacing
the traditional metal-based bulk catalysts."*® Nanoclusters
(NCs), a subclass of nanoparticles with a fewer number of
metal atoms (typically <150 atoms) and subnanometre clusters
(size-selected nanoclusters of very few atoms typically <30),
a further subclass of NCs, often exhibit unique electronic and
catalytic properties different from their superclass NPs or bulk
materials primarily due to size-induced quantum effects.'°
These properties depend on the cluster size, cluster composition,
shape, increased density of exposed low-coordinated unsaturated
sites, and high surface-to-volume ratio. Subnanometre clusters
show particular promise in the field of nanocatalysis as the
addition or removal of an atom can impart dramatic effects on
their catalytic activity and selectivity.

CO,RR studies for several metal NPs (Cu, Ni, Au, Ag, Bi, Pd,
Sn, etc.) were reported previously.>' ™' These studies in general
show different CO,RR activities and selectivities for NPs of
different sizes, which often exhibit enhanced CO,RR activities
compared to metal surfaces. For instance, CO, to CO reduction
shows significant improvement on Au,s nanoclusters com-
pared to larger Au NPs or Au surfaces.>® Salehi-Khojin et al.
and Kim et al. have shown the enhanced catalytic activity and
selectivity for silver NPs.*>** Studies on Pd NPs for CO,RR show
significant enhancement in the faradaic efficiency from 5.8% to
91.2% and an 18.4-fold increase in current density when the
size of the Pd NPs reduced from 10.3 nm to 3.7 nm.>® Different
redox behavior for Cus and Cu,, NPs were reported by Vajda
and co-workers.*® Manthiram et al. have demonstrated that
Cu NPs supported on glassy carbon exhibit 4 times higher
methanation current densities compared to high purity Cu foil
electrodes.*” Similarly, Peter Strasser and co-workers have
shown that Cu NPs in the 2-15 nm size range were analyzed
for CO, electroreduction and found a dramatic increase in the
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activity and selectivity for CO with decreasing Cu particle size,
particularly below 5 nm.** Overpotentials as low as 340 mV
were reported for nanostructured Sn catalysts.** Bismuth nano-
particles anchored on reduced graphene oxide (Bi/rGO) show
very high faradaic efficiency up to 98% for CO, reduction to
formic acid.** The ultimate downsizing of subnanoclusters to
one single atom leads to a novel area in nanocatalysis termed
“single atom catalysis (SAC).*>*® Ni and Cu SACs were reported
for CO,RR with excellent faradaic efficiency and current
density.>**” Besides electrocatalytic CO, reduction, the NP size
effects on thermal catalysis (direct hydrogenation of CO, with
H,) were also reported. Most importantly, Stefan Vajda and co-
workers reported that Cu, is the most active low-pressure
catalyst reported to date for the direct CO, hydrogenation to
CH3;O0H and the removal of one atom from Cu, to Cu; reduces
the activity of CH3;0H production drastically, by more than
50%.*%*° They also reported that catalytic activity for methanol
formation depends on cluster size and varies in the order
Cuy > Cuyy > Cus.

Several theoretical studies have reported for electrocatalytic
reduction of CO, on nanoclusters. Using the computational
hydrogen electrode (CHE) model, Ngrskov and co-workers
provided the first theoretical insights into copper’s unique
ability to reduce CO, to methane and other hydrocarbons.>®
They proposed a CHO* intermediate pathway and found the
potential-determining step (PDS) is the formation of CHO*
species from CO* (* indicates an adsorbed species). Asthagiri
et al. based on their theoretical work proposed an alternative
reaction route that involves the formation of COH* (hydroxy-
methylidyne) intermediate.>>> DFT studies have been reported
for the electroreduction of CO, on larger NPs such as Ausg and
Auss, Pdsg and Pdss, Au,s(SCHj3)g, Cugs, and Cu,g as well as on
tetra-atomic subnanometer metal clusters (Co,, Fey, Cuy, Niy,
and Pt;) for CO,RR.**?739°3¢ In a recent work, we have
investigated systematically the size effect of Cu subnanometre
clusters (Cu, n = 3-6) and found that nanoclusters with odd
numbers of electrons, Cu; and Cus, and clusters with even
numbers of electrons, Cu, and Cug, exhibit similar activity and
selectivity.”” In general, the electrochemical steps which are
endergonic on Cu; and Cus are exergonic on Cuy and Cue, and
vice versa. These results show that even a single Cu atom can
alter the entire reaction pathway at the subnanometre level.

Most of the previous computational work was centered on a
few metal clusters such as Cu, Ni, Pd, etc. as support informa-
tion to complement experimental work. In this work, we are
systematically evaluating the ability of the atomically precise
subnanometre nanoclusters of first-row transition metals (TMs)
(Sc-Cu) with 3 to 10 metal atoms for CO, electrocatalytic
reduction. Our major goal is to identify the potential first-row
TM nanoclusters that can be used as CO, electroreduction
catalysts for the reduction of CO, to higher-order reduction
products such as methane or methanol with high-efficacy as a
sustainable green energy solution to recycling CO, back to fuel.
Moreover, we aimed at elucidating any general trend in the
CO,RR activity and selectivity on these metal clusters as well as
identifying the most preferred reaction pathways on various
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nanoclusters. Moreover, if exits, we tried to establish linear
scaling relationships between the free energies of adsorbates
on these metal nanoclusters. We have not discussed the
synthesizability of the various nanoclusters as it is beyond the
scope of our detailed work on the DFT investigation on the first-
row TM nanoclusters for CO, electroreduction and the elucida-
tion of the general trend on activity and selectivity for CO,RR
on these nanoclusters.

Computational methods

Global minimum configurations of the various nanoclusters
at the DFT level were determined using birmingham parallel
genetic algorithm (BPGA).”® We used GIGA, a recent advanced
version of the BPGA which was coupled to Vienna ab initio
simulation package (VASP)**"®* for local DFT relaxations.®®
BPGA uses a pool-based methodology to relax and evaluate
the geometries in parallel and has been successfully applied
previously to locate the global minimum of pure and alloyed
nanoclusters of varied sizes.** %

Gamma-point spin-polarized DFT method was used for local
DFT relaxations employing a plane-wave basis set and Perdew—
Burke-Erzenhof (PBE)”® exchange-correlation GGA functional.
The ion-electron interaction is treated with projected augmen-
ted wave (PAW) pseudopotentials.”’ A plane wave cutoff energy
of 400 eV was applied and Methfessel-Paxton”> smearing with a
Sigma value of 0.01 eV was used to improve convergence. The
final geometries in the pool including the global minimum
were reoptimized with tighter convergence criteria (10~ eV in
energy and 0.01 eV A" in force and a higher plane wave cut-off
energy of 600 eV) to get more accurate geometries and energy
values. We have also included van der Waals correction through
Grimme’s DFT-D37*7* method during re-optimization. We have
found that all nanoclusters retained similar geometrical
arrangements with minor shifts in some of the atom positions.

Global minimum and other lower energy configurations
were used for locating the most stable adsorbate configurations
on each of the nanoclusters. Optimization of the cluster-
adsorbate complexes was carried out using local DFT relaxa-
tions employing VASP. We use the same optimization strategy
(PBE functional, DFT-D3 corrections, tighter convergence, and
plane wave cut-off energy of 600 eV) for the relaxation of cluster-
adsorbate bound complexes for locating the most preferred
binding sites on different nanoclusters. The Bader method was
used for charge analysis.”” Free energy of the adsorbates were
computed by performing vibrational analysis on adsorbates
assuming the nanoclusters were immobilized on some sup-
ports. Thermal corrections (zero-point energy corrections,
enthalpy and entropy corrections) were computed using har-
monic vibrational frequencies of the adsorbates at 298.15 K
employing VASPKIT,”® and these corrections were then added
to the DFT electronic energies to get the free energies of the
adsorbates. It should be noted that all the reported Gibbs free
energy values are standard values, AG® and is calculated at
298.15 K.
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Computational hydrogen electrode model (CHE)*>”” was
used to calculate the reaction free energy changes (AG) for
various electrochemical steps. According to the CHE model, the free
energy change for an electrochemical step can be calculated as:

AGIA® + (H' + e7) — AH¥] = p(AH¥) — u(A%) — [u(H") + ufe )]
(1)

In the CHE model, the chemical potential of the (H'/e”) pair is
equal to half the chemical potential of the gas-phase H,
molecule. The total chemical potential of the proton-electron
pair as a function of applied potential U, at all temperatures,
can be calculated as:

p(H') + p(e”) = 0.5u(Ha(g)) — [e|U (2)

At the applied potential U, the free energy of the proton-
electron pair is shifted by —|e|U which implies that the CO,RR
step in which proton-electron pairs are transferred becomes
less endergonic at negative applied potential bias. At U = Uy,
where Uy, is the limiting potential, AG becomes zero and AG
becomes negative at any U < U;. At standard conditions, AG =
AG® + |e|U and for a reaction to be spontaneous, AG should be
less than or equal to zero. The limiting potential is the mini-
mum bias to be applied (least-negative potential) which makes
all the electrochemical steps in the reaction pathway become
downhill (exergonic) in free energy. This potential corresponds
to the highest endergonic free energy step in the reaction
pathway. The limiting potential is always negative and is
measured in volts (V) whereas the corresponding free energy
of the potential-determining step (PDS) is positive and is
measured in eV. For instance, if CO* — CHO* is the potential-
determining step (PDS) with a free energy change of the PDS of
1.0 eV for the CO,RR on a particular material, a negative potential
of —1.0 V should be applied to make all the electrochemical steps
be exergonic. The CHE model is a thermodynamic model and
ignores the kinetic barriers for (H'/e™) pair transfers to adsorbate
species. It assumes that the barriers for proton transfer to
adsorbed species are small enough to be surmountable at room
temperatures. Previous studies on the proton transfer barriers for
the reduction of O, to OOH and OH to H,O on Pt supports this
assumption as these proton transfer barriers lie in the range of
0.15 to 0.25 eV for zero applied potential and decrease with
increasing applied voltage.”®”® The thermodynamic free energy
changes for various electrochemical steps predicted by the CHE
model can be used as a catalytic descriptor for the favorability of
the CO, electroreduction on various nanocluster surfaces. Further
details regarding DFT energy correction of gas-phase molecules,
solvent corrections, and liquid-phase corrections were provided in
the ESLt

Results and discussions

Global minimum configurations of first-row TM nanoclusters
Sc,—Cu,, (n = 3-10)

Structural characterization and locating the global minima of
nanoclusters is one of the primary steps in the modeling of
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nanocatalysts as the catalytic activity and selectivity are often
dependent on the size and shape of the nanoclusters. More-
over, the multitude of possible geometrical arrangements for a
given nanocluster composition makes the potential energy
surface (PES) highly complex as a variety of configurations
can have very similar energies. Atomically precise smaller-
sized nanoclusters require an accurate description of the PES
at the DFT level as the quantum size effects tend to dominate as
the system decreases. We have performed an extensive search
for locating the global minimum configurations for all the first-
row TM nanoclusters employing the GIGA version of the
birmingham parallel genetic algorithm (BPGA) at the DFT level.

The first step in the GA run is to generate a number of
random geometries (10 in this study) followed by relaxing these
geometries into local minima to form the initial pool popula-
tion. Based on the crossover and mutation rate, GA crossover
and mutation operations are applied to the members of the
pool to generate new structures. For crossover operation, a pair
of clusters are selected from the pool using a weighted roulette-
wheel selection method®® and they undergo mating using a
variant of the Deaven and Ho phenotypic cut-and-splice
method®" to generate a single offspring. Different mutation
operations such as “move”, “rotate”, “twist”, ‘“partial inver-
sion”, ‘“rattle” etc. are performed on a randomly selected
cluster through roulette-wheel selection. Skin mutation will
keep 80% of the cluster atoms remain intact and the remaining
20% atoms will be placed in random positions around the
cluster; rattle mutation operation will choose a random atom
and move 40% of the cluster atoms nearest to that atom;
change core mutation will change the core of the cluster;
rotation and twist mutations will rotate and twist a percentage
of cluster atoms; partial inversion operation will invert a
subclass of cluster atoms with respect to their geometrical
center; tunnel operation will move one of the atoms farthest
from the center to the other side of the cluster. The overall
objective of these operations is to update the pool with diverse
geometries to avoid stagnation after a few generations.

For each cluster, we have run the genetic algorithm for a
minimum of 400 generations and often more than 1500 gen-
erations. Each generation involves the relaxation of the newly
generated geometry via crossover or mutation operations.
Another parallel run was also performed to make sure that
both the BPGA runs arrive at the same global minimum
configurations for all the clusters. The global minimum con-
figurations for first-row TM nanoclusters (Sc,-Cu,, n = 3-10)
were shown in Fig. 1. The geometry, spin-state, and point group
of the global minimum of the Sc-Cu clusters are given in
Table 1.

For nanoclusters with three metal atoms, an isosceles trian-
gular arrangement is the global minimum configuration for all
first-row TM nanoclusters except for Cr, Mn, and Ni. Crz shows
a V-shaped arrangement whilst Mn; and Ni; show an equi-
lateral triangle arrangement. Tetrahedral, distorted tetragonal
(butterfly-shape), and parallelogram are the global minimum
configurations for clusters with four atoms. The global mini-
mum for first-row metal nanoclusters with five, six, and seven
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atoms prefer in general, a trigonal bipyramid (TBP) octahedron
(Opn), and pentagonal bipyramid (PBP) arrangement. These
arrangements often exhibit reduced symmetries owing to the
elongation or contraction of some of the metal-metal bonds.
There are exceptions such as tetragonal bipyramid for Vi,
W-shaped planar arrangement for Cus, and capped octahedron
for Co; and Ni;. Dodecahedron with varied symmetries is the
global minimum configuration for all first-row nanoclusters
with eight atoms except for Vg and Feg which prefer hexagonal
bipyramid and capped pentagonal bipyramid geometries as
the global minima. Tricapped tetragonal prism is the global
minimum configuration for Sce, Feog, Coq, and Nig. Bicapped
pentagonal bipyramid with varying degrees of distortion is the
preferred geometrical arrangement for global minimum
configuration for Tiy, Vg, Cre, and Mny whilst Cug prefers a
tricapped octahedral arrangement. Sc,q, Cryo, and Fe;, adopt a
tricapped pentagonal bipyramid configuration for the global
minimum. Other clusters adopt different configurations such
as bi-capped tetragonal antiprism for Ti;4, Cu,yo, and Mn,,, bi-
capped square antiprism for V,,, bi-octahedra for Co,, and
tetra-capped Oy, for Ni;o. The geometrical arrangement for Mn,,
and Cu,, exhibits a D,q symmetry in its bicapped tetragonal
antiprism arrangement and can be considered as a spiro-
pentagonal bipyramid configuration similar to spiropentane.
We have also noticed alternative shorter (1.7-1.8 A) and longer
bond lengths for Cr clusters in the range of (2.5-2.7 A). The
existence of the shorter bonds between Cr atoms may be
attributed to the higher-order quintuple bonds as experimen-
tally characterized in a number of dichromium complexes.®>**

We then performed an extensive search for the energetically
most preferred binding sites on the reoptimized global mini-
mum configurations. We have considered all the possible
unsymmetrical edges and metal atom sites for binding the
adsorbates as well as different binding modes and orientations
of the adsorbates. In addition to the global minimum config-
urations, we have also considered other lower energy config-
urations for locating the adsorbate binding sites as the energy
difference between the global minimum and these low-lying
configurations is often very small. We have sampled all the
nanoclusters configurations obtained in the genetic algorithm
search that falls within 0.5 eV of the global minimum energy.
This leads to a significantly higher number of initial config-
urations for adsorbates on nanoclusters for geometry relaxa-
tion. We performed such an extensive search on cluster-
adsorbate complexes to reaffirm that we found the most stable
adsorbate binding site on the nanocluster. Norskov et al. and
Asthagiri et al. proposed the lowest energy reaction pathways
for CO, electroreduction via CHO* and COH* adsorbates on
metallic Cu surfaces, respectively.’®>"
adsorbate species involved in these pathways for our CO,RR
studies on first-row TM nanoclusters.

We have chosen the

Activation of CO,

CO, activation is one of the primary challenges in the CO,
recycling process due to the high thermodynamic stability of
the CO,. We have evaluated the adsorption free energies
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Fig. 1 Top panel: Global minimum geometries for first-row TM nanoclusters (Sc,—Cu,, n = 3-10). Bottom panel: Some representative examples of the

cluster-adsorbates.

(or chemisorption energies) of CO, on various first-row TM
nanoclusters and are shown in Fig. 2(a). The adsorption free
energies are highest on Sc nanoclusters followed by on Ti
nanoclusters as evident from Fig. 2(a). Sc and Ti nanoclusters

1634 | Phys. Chem. Chem. Phys., 2023, 25, 11630-11652

exhibit the CO, adsorption energies in the range of —3.8 eV to
—4.5 eV and —2.4 eV to —3.1 eV, respectively. All other T™M
nanoclusters show relatively lower adsorption energies com-
pared to Sc and Ti. The adsorption energies for V (—1.5 eV to
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Table 1 Geometry description, point group symmetry and spin state for
the global minimum configurations of the first-row TM nanoclusters Sc,,—
Cu, (n = 3-10) determined through birmingham parallel genetic algorithm
(BPGA) using PBE functional

Geometry Symmetry Spin state
Sc;  Isosceles triangle Cov 2
Sc, Tetrahedron Dyq 3
Scs  Trigonal bipyramid D3y 6
Sce  Octahedron Dy 5
Sc;  Pentagonal bipyramid Csh 6
Scg  Dodecahedron Cov 5
Scy  Tri-capped trigonal prism Cs 8
Scio Tri-capped Pentagonal bipyramid Cs 7
Ti; Isosceles triangle Cov 3
Ti, Tetrahedron Dygq 5
Tis  Trigonal bipyramid C, 3
Tig  Octahedron Dy, 5
Ti, Pentagonal bipyramid Dsp, 1
Tig  Dodecahedron Cs 3
Tis  Bicapped Pentagonal bipyramid Cov 3
Ti;p Bicapped quadrilateral antiprism D, 3
Vs Isosceles triangle Cov 2
V, Parallelogram Con 3
Vs  Buckled tetragonal pyramid Cs 2
Vs  Tetragonal bipyramid C, 3
A\ Distorted PBP Cs 2
Vg Hexagonal bipyramid D34 1
V,  Bicapped buckled pentagonal bipyramid C; 2
Vio Bicapped square antiprism D, 1
Cr; V-Shaped Cy 7
Cr, Butterfly-shaped D, 3
Crs Distorted tetragonal bipyramid C, 7
Crs Bicapped butterfly Cy 3
Cr; Distorted pentagonal bipyramid Cy 7
Crg Dodecahedron C, 1
Cry Bicapped distorted pentagonal bipyramid C; 5
Cryo Tricapped distorted pentagonal bipyramid C; 1
Mn; Equilateral triangle D3y 16
Mn, Tetrahedron Cs 11
Mn; Trigonal bipyramid Cs 14
Mng Octahedron Cov 3
Mn, Distorted pentagonal bipyramid Cs 6
Mng Dodecahedron Cs 19
Mn, Bicapped pentagonal bipyramid Cs 16
Mn,, Bicapped tetragonal antiprism Dyq 13
Fe; Isosceles triangle Cs 11
Fe, Tetrahedron D,q 13
Fes  Trigonal bipyramid Dsj, 19
Fe;, Octahedron Cs 21
Fe, Distorted pentagonal bipyramid C, 23
Feg Capped pentagonal bipyramid Cs 25
Fe, Tricapped trigonal prism Cy 27
Fe;, Tricapped pentagonal bipyramid Csy 29
Coz Isosceles triangle Cs 8
Co, Butterfly-shaped Dyq 11
Cos Trigonal bipyramid D3, 14
Cog Octahedron On 15
Co; Capped Octahedron Csy 16
Cog Dodecahedron C, 17
Coy Tricapped Trigonal prism Dsp 18
Co,¢ Bi-Octahedron Con 21
Ni; Equilateral triangle Dsy, 3
Ni, Tetrahedron Dyq 5
Ni5;  Trigonal bipyramid Dsp, 5
Nig Octahedron Dsq 9
Ni, Capped octahedron Cyy 9
Nig Dodecahedron Coy 9
Niy  Tri-capped trigonal prism Dy, 9
Nijo, Tetra-capped Octahedron Tq 9
Cu; Isosceles triangle Coy 2
Cu, Parallelogram D,y 1
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Table 1 (continued)
Geometry Symmetry Spin state
Cus W-Shaped Cyy 2
Cus Equilateral triangle Dsp 1
Cu, Pentagonal bipyramid Dsp, 2
Cug Dodecahedron Dyq 1
Cu, Bicapped buckled pentagonal bipyramid Cs 2
Cuy, Bicapped tetragonal antiprism Dyq 1

—2.1 eV), Cr (—1.0 to —1.4 eV), Mn (—0.8 eV to —2.0 eV), Fe
(—0.6 eV to —1.15 eV) Co (—0.32 eV to —1.31 €V) Ni (—0.55 eV to
—1.28 eV) and Cu (+0.14 eV to —0.44 eV) nanoclusters
are smaller than CO, adsorption energies on Sc and Ti
nanoclusters. Among all the nanoclusters studied Cu nanoclus-
ters exhibit the lowest CO, adsorption free energies.

Fig. 2(b) shows the residual charges on CO, moiety on the
nanoclusters. Bader charge analysis has shown that there is
always a net negative charge accumulation of approximately
2e~ on the two O atoms of the CO, moiety on binding on all the
nanoclusters. Depending on the charge accumulation or deple-
tion on the C atom of the CO,, the overall residual charges on
nanoclusters vary. We have found a trend of increasing positive
charge on the C atom of CO, moving from Sc to Cu. Except on
Sc; and Sc, clusters, all other Sc clusters show a small increase
in electron density on the C atom of the CO,. All other first-row
TM nanoclusters show a depletion of electron density on the C
atom and carry a positive charge. From the linear regression
plot in Fig. 2(f), we have identified a strong correlation between
the residual charges on CO, moiety and the adsorption free
energies. Fig. 2(c) and (d) show the HOMO-LUMO gaps and
spin multiplicities on CO,-bound nanoclusters. We could not
find a direct correlation between the adsorption energies with
HOMO-LUMO gaps or spin multiplicities. Mn, Fe, and Co
nanoclusters exhibit significantly higher spin state multiplici-
ties whilst Cu shows only two spin states: singlet or doublets.
We have also analyzed the changes in the C-O bond distances
of CO,* on various nanoclusters and the average bond dis-
tances of the two C-O bond distances were plotted in Fig. 2(e).
The significantly larger activation of CO, on Sc and Ti nano-
clusters was also reflected in the CO, bond elongation.

Electrochemical adsorption of CO,

The first step in the electrochemical reduction of CO, (CO,RR)
is the transfer of a proton—electron (H' + e~) pair to CO, to form
electrochemical adsorption species COOH*. However, there is a
competition between chemisorption of CO, (CO,*) versus elec-
trochemical adsorption of CO, (COOH*). The COOH* adsorp-
tion free energies are shown in Fig. 3(a). As in the case of CO,*
adsorption free energies, the free energy values show a regular
decrease across the first-row TM nanoclusters from Sc to Cu. In
Fig. 3(c), we have plotted the difference between chemisorption
free energies of CO,* and adsorption free energies of COOH*.
It can be seen that Sc clusters show a greater preference for
chemisorbed CO,* species. In general, we have seen a trend
that moving from early TMs (Sc-V) to mid TMs (Cr-Fe) to late
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TMs (Co-Cu), the difference between CO,* adsorption energies
and COOH* electrochemical adsorption energies decreases.
Except for Fe, Co, Ni, and Cu, all other metal clusters show a
general preference for chemisorbed CO,* species. Similar to
CO,*, we have seen a decrease in the residual negative charges
on COOH* moiety in moving from early to late first-row TM
nanoclusters (Fig. 3(b)). We have also identified a similar
correlation between adsorption free energies and residual
charges on COOH* species (Fig. 3(d)). Bader charge analysis
shows that each O atom of the COOH* carries a negative charge
of ~1e” and the H atom carries a positive charge of ~0.5e".
Moving from Sc to Cu, we have seen a trend of reduction in the
electron density on the C atom of the COOH* and the overall
positive charge on the C atom depends on the extent to which
electron density depletion occurs around the C atom of the
COOH* species.

Adsorption of CO and other CO,RR intermediates

The adsorption energy of CO* is one of the important factors
that determine whether the electrochemical reduction reaction

11636 | Phys. Chem. Chem. Phys., 2023, 25, 11630-11652

proceeds beyond the two-electron reduction process. CO is
weakly coordinated on most of the metal surface and easily
escapes from the surface forming the free CO as the major
CO,RR product prohibiting the formation of the higher-order
six or eight electron reduction products such as CH;OH or CH,.
In Fig. 4(a) we have shown the adsorption energies of CO
on various nanoclusters. Similar to CO,*, the adsorption free
energies of CO* are significantly larger on Sc and Ti nano-
clusters. Moreover, we have seen a significant stretching of C-O
bonds on Sc and Ti nanoclusters (1.35 A to 1.52 A) and a
decrease in the C-O stretching effect in moving from early TM
nanoclusters to late TM nanoclusters. We have seen that for all
cluster-CO adsorbates, there is always an increase of ~ 1le™
charge density on the O atom of the CO moiety. We have seen
increased electron density on the C atom results in the higher
overall negative charge on CO moiety on Sc and Ti clusters.
In general, we have seen a trend of reduced electronic density
on C of the CO moving from early- to mid-to late first-row TM
nanoclusters and the overall residual charge resides on CO
moiety varies depending on the extent to which depletion of

This journal is © the Owner Societies 2023
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electron density happens on C atoms. We have also established
a correlation between CO* adsorption energy and residual
charges on CO moiety which is shown in Fig. 4(d).

We have shown the adsorption free energies, residual
charges, HOMO-LUMO gaps, spin multiplicities, and correla-
tion between adsorption free energies with residual charges
and HOMO-LUMO gaps for all adsorbates in Fig. S1-S6 (ESIT).
We have identified that in general, all adsorbates show stronger
adsorption free energies on early first-row TM nanoclusters and
the adsorption free energies show a general trend of reduced
binding affinity as we move across the periodic table from early
to late first-row TMs (Fig. S1, ESIt). Some exceptions in the
general trend are expected which can be attributed to the
stability differences that arise from the rearrangement of
cluster atoms on binding with the adsorbates and the asso-
ciated spin state changes. A similar trend of decreasing residual
charge density on adsorbate species on Sc to Cu nanoclusters
was also identified (Fig. S2, ESIt). However, a similar high
correlation between adsorption free energies and residual
charges on CO,*, COOH*, and CO* species were not observed
for other adsorbates except for CHO* and CH,O* (Fig. S3, ESIT).
All other adsorbates show a coefficient of determination (R?)
value below 0.70. The adsorbates exhibit a range of spin multi-
plicities on all TM nanoclusters except for Cu which shows only
singlet and doublet states. We have noted that there exists no
correlation between the adsorption free energies with spin
multiplicities or HOMO-LUMO gaps of different adsorbates.

Electrochemical reduction of CO,

We now turn to the CO,RR reaction pathways to various
reduction products such as methanol, methanol, carbon mon-
oxide, and formic acid using the CHE model. Each reduction
step involves the transfer of a proton-electron (H' + €~) pair to
the adsorbates. A schematic representation of the mechanism
is shown in Scheme 1. In the first proton-electron transfer step,
the hydrogenation on CO, can either form formate (OCHO¥)
species or carboxyl (COOH)* species. The (H' + e ™) transfer can
hydrogenate either the C or the O atom of the adsorbates and
leads to different reaction intermediates. The formate (OCHO*)
species is an end product and releases formic acid in the
second proton-electron transfer step albeit with a huge ender-
gonic energy requirement. As we are interested in the reduction
of CO, to higher-order reduction products such as methane and
methanol, we will focus on the COOH* pathway. The carboxyl
species (COOH*) can release formic acid (HCOOH) by hydro-
genating the C atom or form a CO* adsorbate by eliminating a
water molecule by hydrogenating the O atom. The CO* can be
released from the nanocluster surface as a free CO molecule if
it is weakly coordinated or can lead to the formation of CHO* or
COH* intermediates depending on the hydrogenation site on
CO* in the third (H" + e") transfer step. Most metal surfaces
weakly adsorb CO which can be easily desorbed from the
surface leading to CO as the major product prohibiting further
CO,RR reduction steps. Further electrochemical (H" + e)
transfers to CHO* and COH* species and the subsequent inter-
mediates lead to various CO,RR reduction pathways (Scheme 1)
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depending on the hydrogenation sites. To differentiate between

these steps, we have listed them below:
CHO* mediated pathways to methane

Path I: * + CO, - COOH* —» CO* -» CHO* —» CH,0*
— CH;0* — O* + CH, —» OH* — * (3)
Path II: * + CO, - COOH* - CO* —» CHO* — CH,O*
— CH,0OH* - CH,* — CHs* — CH, + * (4)
Path III: * + CO, - COOH* - CO* - CHO* - CHOH*
— CH,OH* — CH,* — CHz* —» CH, +* (5)
Path IV * + CO, - COOH* - CO* —» CHO* —» CHOH*
— CH* - CH,* - CH3* - CH, + * (6)
COH* mediated pathways to methane
Path v: * + CO, - COOH* —» CO* - COH* —» C* —» CH*
— CH,* —» CH3z* —» CH, +* (7)
Path VI: * + CO, - COOH* —» CO* - COH* —» CHOH*
— CH* - CH,* —» CH3z* —» CH, +* (8)
Path VII: * + CO, - COOH* —» CO* - COH* —» CHOH*
- CH,0H* - CH,* — CHy* — CH, + * (9)
CHO* mediated pathways to methanol
Path VIII: * + CO, - COOH* —» CO* - CHO* —» CH,O*
— CH,0* — CH,OH + * (10)

Path IX: * + CO, - COOH* —» CO* - CHO* —» CH,0*

— CH,OH* — CH,0H + * (11)
Path X: * + CO, - COOH* —» CO* —» CHO* — CHOH*
— CH,OH* — CH,O0H + * (12)

COH* mediated pathways to methanol:
Path XI: * + CO, - COOH* —» CO* - COH* —» CHOH*
(13)

In Table S5 (ESIf), we have shown the adsorption free
energies of various adsorbates, and in Fig. 5, we have shown
the thermodynamic free energy changes for CHO* and COH*
mediated electrochemical steps for CO,RR on early TMs (Sc-V)
nanoclusters. Similar endergonic/exergonic free energy changes
for various electrochemical steps on other firstrow TM clusters
were shown in the ESIf (Fig. S7 and S8). The endergonicity or
exergonicity associated with each electrochemical step will decide
the thermodynamically favorable reaction pathways and the

— CH,OH* — CH,0H + *

extent to which a step is preferred over a competing side
reaction step which in turn depends on the relative stabilities
of the adsorbates. The formation of COOH* is highly exergonic
on Sc-V clusters while the formation of CO* from COOH* is
mildly exergonic or mildly endergonic on Sc-V clusters. The
COH* formation in the third (H" + e”) transfer step is a highly
disfavored endergonic process whilst the formation of CHO*

This journal is © the Owner Societies 2023
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Scheme 1 Various CO3RR electrochemical steps via CHO* and COH* pathways.

species is a favorable mildly exergonic process. In a similar way,
we can identify the thermodynamical preferences for the for-
mation of other adsorbates such as the preference for
the formation of CH,O* over CHOH from CHO* adsorbates.
However, a general trend for the formation of different adsor-
bates cannot be easily elucidated from these endergonic/
exergonic free energy change plots.

To facilitate further in-depth insights into CO,RR on various
first-row TM nanoclusters, we have made detailed analyzes of
the various reaction pathways (Path I to Path XI) including both
CHO* and COH* mediated pathways to methane and methanol
formation by examining the thermodynamic free energy
changes associated with each electrochemical step. From these
thermodynamic free energy changes, we have determined
the PDS as well as the free energy changes of the PDS for all
these different CHO* and COH* reaction pathways on all

This journal is © the Owner Societies 2023

nanoclusters which are summarized in Table S6 (ESIf). From
all these various CHO* and COH* mediated pathways, we have
identified for all nanoclusters, the most preferred CO,RR
reaction route that requires the lowest free energy change of
the PDS and are given in Table 2. The preferred CHO* and
COH* mediated pathways for CO,RR on Sc to Cu TM nano-
clusters and the free energy change of the PDS are presented in
Fig. 6.

From thermodynamic free energy changes associated with
CO* — CHO* and CO* — COH* steps, we have found in
general that the formation of COH* adsorbate from CO* in the
third (H" + e”) pair transfer step is greatly disfavored on first-
row TM clusters compared to the formation of the CHO*
adsorbates. Similarly, we have identified general preferences
that CHO* on the fourth electrochemical step prefers CH,O*
adsorbate (CHO* — CH,O0* vs. CHOH); CH,O* on the fifth

Phys. Chem. Chem. Phys., 2023, 25, 11630-11652 | 11639
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Table 2 Lowest energy CO,RR reaction pathways and the potential-determining step (PDS) on each nanocluster

Lowest energy pathways” Clusters PDS

CHO* Path I Cog CO* —» CHO*
Cuy, Cug, Cug Cuyy CO* —» CHO*

CHO* Path II
Cr3, Cr7, Cryg
Cry, Crg
Mns, Mn,, Mn,,

Mng, Fe;, Fe,—Fe,,, Coz-Co05, Co,—C04, Niz—Nis, Ni;—Niy, Cusz, Cus Cu,

CHO* Path III
CHO* Path IV

Vi, Mny, Mny
Mn;, Mng, Cug

Sc4=Scyo; Tiz—Tis, Tig; V4, Vs, Vo, Crs, Cre, Cro

CH,0* — CH,OH*
COOH* — CO*
CH,OH* — CH,*
CH;* — CH, + *
CO* - CHO*

CHO* — CHOH*
CHO* — CHOH*

COH* Path V Scs, Tig, Tio, Tixo, Vs, V5, Fes, Nig, Nijo CO* - COH*

Ve CH* — CH,*
COH* Path VI Ti,, Vs, Fe, CO* - COH*
COH* Path VII Fe, CO* - COH*

@ CHO* Path I: * + CO, » COOH* — CO* - CHO* — CH,0* » CH;0* — O* + CH, » OH* — * CHO* Path II: * + CO, —» COOH* — CO*
CHO* - CH,0* - CH,OH* — CH,* — CH;* — CH,"; CHO Path III: * + CO, » COOH* - CO* — CHO* —» CHOH* — CH,OH* — CH,*
CH;* —CH, + *; CHO Path IV: * + CO, -» COOH* —» CO* - CHO* - CHOH* — CH* —» CH,* » CH;* — CH, + *; COH* Path V: * + CO,
COOH* - CO* —» COH* —» C* - CH* — CH,* - CH;* — CH, + *; COH* Path VI * + CO, - COOH* » CO* —» COH* - CHOH* — CH*

U

CH,* — CH3* —» CH, + *; COH* Path VII: * + CO, - COOH* —» CO* —» COH* - CHOH* — CH,0OH* — CH,* —» CH3* — CH, +*.

electrochemical step prefers CH;O* adsorbate (CH,O* —
CH;0* vs CH,0OH), and CH3;0* on the six electrochemical steps
prefers the formation of CH, (CH;0* — O* + CH, vs CH;OH).
This gives the impression that the CO,RR prefers to proceed
through CHO* Path I (CHO* —» CH,0* —» CH;0* — CH, + O*
— OH* — *) as in the case of CHO* Path I reported for CO,RR
on Cu surface by Ngrskov and co-workers.”® However, we have
noticed that the removal of the OH* species (OH* — * + H,0) in
the eight (H" + e7) electrochemical step (Fig. 7) is an uphill
process that requires significantly larger endergonic free energy
changes and is the PDS for the formation of CH, via CHO* Path
I on all first-row TM nanoclusters except on Cos and Cu clusters
with even-numbered cluster configurations (Cu,, Cus, Cug, and
Cu,,) for which CO* — CHO¥* is the PDS for CHO* Path 1. Due
to the larger endergonicity associated with the OH* removal
step, CHO* Path I is not a preferred reaction route except on
these five nanoclusters (Cog, Cuy, Cus, Cug, and Cuy).
Further detailed investigations on various reaction pathways
reveal that alternative pathways via CHO* Paths II to IV and
COH* Paths V to VII can lead to CH, without passing through
the highly endergonic OH* removal step. We have found that
CHO* Path 1II is the lowest energy pathway for CO,RR on a
majority of the clusters (Table 2). Clusters Cog, Cu,, Cug, Cug,
and Cu,, prefer CHO* Path I; V4, Mn,, and Mng prefer CHO*
Path III; Mn3, Mng, and Cu, prefer CHO* Path IV; Sc;, Tig, Tio,
Ti0, Vs, Vs, V5, Fes, Nig, and Ni,, prefers COH* Path V; Ti,, V;
and Fe, COH* Path VI; and Feg prefers COH* Path VII (Table 2).
With a few exceptions, we have found in general that the
electrochemical step CO* — CHO* is the PDS on first-row
TM nanoclusters from Fe to Cu for the CHO* Path II. For early
TM nanoclusters Sc, Ti, and V, we have found that the electro-
chemical step for the formation of CH,OH* adsorbate from the
CH,0* (CH,0* — CH,OH*) is the PDS for CHO* Path II. For
the clusters that exhibit CHO* Path I as the preferred reaction
route, CO* — CHO* is the PDS as in the case of the reported

This journal is © the Owner Societies 2023

work of Negrskov, and co-workers®® on Cu metal surface. For
clusters that prefer CHO* Paths III and IV, the electrochemical
step CHO* — CHOH* is the PDS. With a single exception on Vg,
CO* — COH* is the PDS on all the clusters that prefer COH*
mediated pathways. The limiting potential for a reaction path-
way is determined by the electrochemical step with the largest
endergonic free energy change in that pathway which is directly
related to the relative stabilities of the adsorbates for the PDS
step. It should be noted that some nanoclusters undergo
geometrical rearrangement on binding with adsorbates and
the energetic cost associated with these structural arrange-
ments is a major factor that decides the thermodynamic
stabilities of the adsorbates. Most importantly, we have found
that all the preferred lowest energy pathway for all first-row TM
nanoclusters leads exclusively to the formation of CH, and
none of them prefers the exclusive formation of methanol. The
methanol vs. methane selectivity depends on two electroche-
mical steps: the preference for the formation of CH;OH or CH,*
from CH,OH* adsorbate and the preference for the formation
of CH;0H or CH, + O* from CH;O0* adsorbate. We have found a
greater preference for CH,OH* — CH,* and CH;0* —» CH, +O*
paths on all nanoclusters which eventually leads to the for-
mation of CH,. Moreover, it is evident from Table S6 (ESIt) that
although COH* mediated pathways are preferred on some of
the nanocluster surfaces, there is strong competition from the
CHO* mediated pathways as free energy changes of the PDS for
CHO* pathways do not show any significant differences from
the free energy changes of the PDS for COH* mediated path-
ways on these nanoclusters. A further detailed discussion of the
CO,RR on all the first-row TMs is given below:

(i) CO,RR on early first-row TM nanoclusters (Sc, Ti, and
V). Sc nanoclusters exhibit a much greater stabilization of
adsorbates than other transition metals in the first row. Both
Sc and Ti clusters show a preference for the CHO* mediated
Path II of CO,RR, with the PDS being the formation of CH,OH*
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Fig. 6 The lowest energy pathways for CO,RR on first-row TM nanoclusters (Sc—Cu). The free energy change of the PDS for CO,RR were shown in each

bar. The blue and red bars represent the CHO* and COH* mediated pathways, respectively. The limiting potential values corresponds to the negative of

the free energy change of the PDS in Volts (V). See Table 2 for the PDS for various nanoclusters.
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Fig. 7 Free energy change (AG, eV) for the OH* removal step (OH* — * +
H,0) in the CHO* mediated Path I.

from CH,O*. The COH* mediated Path V is slightly preferred
over Path II on Sc;, with the PDS being the conversion of CO* to
COH*. The limiting potentials on Sc clusters falls between
—1.34Vto —1.53 Vand —0.61 V to —0.95 V on Ti clusters, with
Tis having the lowest potential. The limiting potential values on
vanadium clusters significantly reduced to —0.35 V to —0.64 V
compared to the limiting potentials on Sc and Ti clusters.
V, exhibits the lowest limiting potential on vanadium clusters
with a limiting potential of —0.35 V. CHO* mediated pathways
were favored on V, and Vg-V;, clusters and COH* mediated
pathways were favored on V; and Vs-V; clusters. The PDS of all
the different pathways are listed in Table 2.

Although CO,RR on some of the Ti and V clusters as well on
Sc; prefer to proceed through COH* intermediate, the limiting
potentials for the CHO* and COH* pathways differ by only
0.10 eV on most of these clusters, and hence, both these
pathways are possible for CO,RR. The relative preference for
the various reaction routes depends on the stability of the
adsorbate-bound complexes which in turn depends on the
geometry rearrangement of the cluster moieties from their
global minimum configurations on binding with adsorbate
species. For example, the cluster moiety Vg in the COH*-Vy
shows significant changes from its global minimum configu-
ration and the energetic cost associated with the reorganization
of the cluster moiety on adsorbate binding leads to the lower
thermodynamic stability of the COH* adsorbates which in turn
results in a highly disfavored endergonic uphill process for the
formation of COH* species from CO*.

(i) CO,RR on mid first-row TM nanoclusters (Cr, Mn, and
Fe). The CO,RR on all Cr clusters prefers to proceed through
the CHO* Path II with relatively smaller limiting potentials in
the range of —0.18 V to —0.56 V with Cr; having the lowest
limiting potential followed by Crj, (—0.29 V). Similar to Cr
clusters, Mn clusters prefer CHO* mediated reaction pathways
for CO, electroreduction with Mn; having the lowest limiting
potential value of —0.21 V. The competing COH* mediated
pathways were greatly disfavored on Cr and Mn clusters owing
to the larger endergonicity associated with the PDS CO* —
COH*. There is no specific preference for a particular CHO*
path and the PDS varies depending on the stability of the

This journal is © the Owner Societies 2023
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different intermediates on different Cr and Mn clusters and
are listed in Table 2. Iron clusters exhibit a general preference
for CHO* Path II with the electrochemical step CO* — CHO* as
the PDS. Fe,, Fes, and Feg clusters prefer both CHO* and COH*
mediated pathways due to similar endergonic free energy
changes associated with the PDS CO* — CHO* and CO* —
COH*. The limiting potentials fall in the range of —0.37 V to
—0.55 V on all Fe clusters except on Feg which shows a limiting
potential value of —0.75 V.

(iii) CO,RR on late first-row TM nanoclusters (Co, Ni,
and Cu). The CHO* Path II is the preferred CO,RR on cobalt
clusters except on Cog with limiting potential in the range of
—0.44 V to —0.80 V with CO* — CHO* as the PDS step. Cog
prefers CHO* Path I due to the lower endergonicity associated
with the removal of OH* adsorbate from the cluster surface.
The CO,RR on cobalt clusters greatly disfavored the COH*
mediated pathway owing to the larger endergonicity associated
with the electrochemical step CO* — COH* which is in the
range of ~1 eV. Nickel clusters in general exhibit a greater
preference for CHO* Path II with CO* — CHO* as the PDS. The
limiting potential values ranges from —0.60 V to —0.86 V.
However, on most of the Ni clusters, the stabilities of the
CHO* and COH* adsorbates do not show any significant
difference, and hence, both these reaction routes are possible
on Ni clusters.

Copper clusters with even-number composition (Cuy, Cus,
Cug, and Cuy,) prefer the CO,RR via CHO* Path I with signifi-
cantly larger limiting potential (—0.75 V to —1.10 V); the lowest
limiting potential is exhibited by Cujo. On the other hand,
clusters with odd-number compositions Cus, Cus, and Cu;
prefer the reaction path CHO* Path II, and Cuy prefers the
reaction CHO* Path IV with relatively smaller limiting poten-
tials (—0.36 V to —0.50 V). COH* pathways are greatly dis-
favored on all Cu clusters due to the larger endergonic free
energy change (>1.1 eV) associated with the PDS CO* —
COH*. The CHO* Path I is not favored on clusters with odd-
number compositions due to the larger endergonicity (>1 eV)
associated with the OH* removal step. It should be noted that
CHO* Path I is the lower energy route proposed by Nerskov and
co-workers for the formation of CH, on the Cu surface with a
limiting potential of —0.74 V for the key step CO* — CHO*.>°
In a previous work, we have reported detailed studies on the
alternating nature of endergonicity and exergonicity associated
with various electrochemical steps on Cu clusters with odd- and
even-number compositions (Cuz-Cug) as well as the relation-
ship between the free energy changes with the spin state and
HOMO-LUMO gap of the Cu adsorbates using ®B97XD density
functional and a localized atomic orbital basis set.’” Although
the present work shows some discrepancies in the free energy
values which is acceptable due to the usage of different DFT
functional and basis set, in general, the overall trend and
conclusions remain intact. The Cu,, shows a limiting potential
of —0.75 V, a value that is very close to the limiting potential on
the Cu surface by Nerskov and co-workers.>® This implies that
clusters with a greater number of atoms with even number
composition resemble more close to the Cu surface.
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In short, we have seen stronger binding affinity for all the
adsorbates on early TM nanoclusters and a general trend of
reduced binding affinity across the first-row TM nanoclusters
from Sc to Cu with the highest adsorption free energies on Sc
and lowest on Cu. Among the differently sized nanoclusters of
the same clusters, the adsorption free energies do not exhibit
significant deviation as most of the adsorption free energies fall
within a range of 0.3-0.5 eV of the average adsorption energies
for that particular metal nanocluster. Still, we have noticed that
clusters with smaller numbers of atoms, especially three or four
atoms exhibit somewhat larger deviations in adsorption free
energies compared to cluster compositions with larger num-
bers of metal atoms. It should be noted that we should also
need to consider the energetic cost associated with the rear-
rangement of cluster atoms from their global minimum con-
figurations on binding with adsorbates while discussing the
endergonicity/exergonicity associated with each electrochemi-
cal step. All metal nanoclusters except Cu show a range of spin
states for different adsorbates. However, we could not find a
direct relationship between the adsorption free energies and
hence, endergonicity/exergonicity associated with each electro-
chemical step with the spin-states of the various adsorbates.
On the contrary, adsorbates on Cu nanoclusters exhibit alter-
nating exergonicity and endergonicity based on the spin-state
of the adsorbates. Similarly, we could not find a direct link
between the endergonicity/exergonicity associated with each
electrochemical step and the HOMO-LUMO gap for adsorbates
on all nanoclusters except on Cu. On Cu clusters, the proton-
electron pair transfers to singlet adsorbates to form doublet
adsorbates are considerably higher endergonic step due to the
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larger HOMO-LUMO gap on singlet adsorbates and vice versa.
We have also established that although CO,RR can proceed
through various CHO* and COH* mediated pathways, all these
pathways lead to the formation of methane on all first-row TM
nanoclusters.

Competition between CO, HCOOH, and H, formations

Based on the free energy change of the PDS values for CO,RR,
we have identified several nanoclusters that can reduce CO, to
CH, with relatively lower limiting potential values (i.e., the
negative potential that should be applied to make all the
electrochemical steps exergonic which corresponds to the free
energy change of the PDS). Cr, exhibits the lowest free energy
change of the PDS with a value of 0.18 eV (ie., the limiting
potential value is —0.18 V) followed closely by the Mn; cluster
with a limiting potential value of —0.21 V. Nanoclusters Cr;,
Crs, Cro, V4, Cus, Fey, Fez, and Fe,, shows relatively lower
limiting potentials in the range of —0.29 V to —0.39 V, and
clusters Crg, Cug, Co3, Vs, Crg, Cus, Feg, Fe;, Mng, Cu,, and Mny
exhibits limiting potentials in the range of —0.40 V to —0.50 V.
We have found in general that nanoclusters of mid-transition
metals ie., Cr, Mn, and Fe exhibit relatively lower limiting
potential values for CO,RR to methane.

One of the major hindrances in CO, electroreduction to
higher-order reduction products such as methane or methanol
is the formation of two-electron reduction products such as CO,
HCOOH, and H,. The COOH* species can either release free
formic acid (HCOOH) by hydrogenating the C atom of the
COOH* species or CO* by eliminating a water molecule by
hydrogenating the O atom of the COOH* species in the second
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of the PDS for CO,RR and HER and (c) relative free energy changes of PDS for CO,RR and HER (AG(CO,RR-HER), eV) on various first-row TM

nanoclusters.
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(H" + e7) transfer step. One of the major drawbacks of CO,RR
on metal surfaces is the weak adsorption of CO and its subse-
quent escape from the surface through an easier desorption
process. Due to the availability of the unsaturated coordinate
sites, CO is chemisorbed on nanoclusters and hence the
desorption requires the breaking of much stronger metal-CO
bonds resulting in significantly larger desorption energies
as evident from Fig. 8(a). Among all the metal clusters, Crz
(0.32 eV) shows the smallest CO desorption energy. Cu clusters

View Article Online
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Cu,—Cu,, also show relatively smaller CO desorption energies
around 0.5-0.6 eV. Since CO desorption is a thermodynamically
disfavored process on all the metal clusters, the CO* adsorbates
are readily available for further reduction steps and may lead
to the formation of higher-order reduction products such as
methane.

Except on Cu clusters with even-number atom composition
(Cuy, Cug, Cug, and Cuyy), the release of formic acid in the
second (H' + e ") transfer step on all other nanoclusters requires
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>0.80.
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significantly higher endergonic free energy changes (>0.8 eV)
(Fig. 8(a)). This implies that COOH* species cannot be easily
desorbed from the nanocluster surface as free formic acid and
hence, COOH* is available on the nanocluster surface for
further reduction steps. Of the Cu clusters with even-number
atom compositions, Cug shows the lowest endergonic free
energy change (0.17 eV) for formic acid release while Cuy,
Cug, and Cu,, show a relatively larger endergonic free change
in the range of 0.44 eV to 0.55 eV. In short, we can see that the
release of formic acid from the nanocluster surfaces is not an
easy step except on Cug and the COOH* species is available for
further reduction steps.

The competing hydrogen evolution reaction (HER) is
another major challenge that hinders the efficacy of the CO,
electroreduction catalysts. An efficient catalyst should be able
to suppress the competing HER side reaction. The free energy
change of the PDS for HER reaction on various nanoclusters
were shown in Fig. 8(b) along with the free energy change of the
PDS for CO,RR. To get a clear idea of the relative preference for
CO,RR versus HER, we have plotted the difference in the free
energy changes of the PDS for CO,RR and HER in Fig. §(c).
An endergonic (positive) free energy difference means HER
happens before CO,RR and an exergonic (negative) free energy
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difference means CO,RR happens before HER. It can be seen
that there are only a few nanoclusters that favor CO,RR over
HER. From the PDS difference plot, it can be seen that HER is
greatly favored on Sc clusters as the limiting potential for
CO,RR is significantly larger compared to HER and at the
applied limiting potential for CO,RR, the HER triggers first.
On most of the nanocluster surfaces, the hydrogen absorption
(* + (H" + e7) > H*) is weak and the adsorbed hydrogen can
be easily released leading to higher HER evolution at much
lower limiting potentials. Still, we have identified a number of
nanoclusters such as Tig, V5, Vg, M, Mn,, Mn,,, Fe,, Feg, Fe,,
Ni,, and Cus as possible electrocatalysts which show a prefer-
ence for CO,RR over HER by 0.2 eV or more.

Linear scaling relationships for CO,RR on first-row TM
nanoclusters

Linear scaling relationships which relate the binding energies
of chemically related adsorbates across different catalytic surfaces
have been successfully applied to understand the reactivity trends
across a vast material space. We have investigated whether
there exists a linear scaling relationship using our data on
adsorption free energies on Sc to Cu first-row TM nanoclusters.
In Fig. 9, we have shown the linear free energy relation between
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Fig. 10 Liner scaling relationship between adsorption free energies of O* and various adsorbates with the coefficient of determination (R?) value > 0.80.
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CO,* adsorption free energies and adsorption free energies of
other adsorbates with coefficient determination (R*) values
higher than 0.80. We have found a strong correlation between
the adsorption free energies of CO,* with the adsorption free
energies of COOH*, OOCH*, CHO*, CH,0*, O*, CO*, OH*, and
CH;0* with coefficient determination (R*) values larger than
0.85. In all these cluster-adsorbate complexes except on O,
OH*, and CH3;0*, both the C and O can take part in the
bonding process with the metal cluster moiety. In general, we
have noticed that the binding free energies for adsorbates that
can bind through both C and O atoms show an excellent
correlation with the binding free energies of CO,*. A single O
atom is the sole binding motif for three adsorbates O*, OH*,
and CH3;0* and a high correlation for the adsorption free
energies of these three adsorbates with CO,* adsorption ener-
gies implies that binding through O determines the extent of
correlation with CO,* adsorption energies. Adsorption free
energies of other adsorbates CHOH*, CH,*, and C* also exhibit
relatively higher correlations with the adsorption free energies
of CO,* adsorbate with R® values in the range of 0.80-0.82 eV.
Moreover, we have found that COH*and CH,OH* adsorption
free energies do not exhibit a significant correlation with CO,*
adsorption free energies. In these adsorbates along with
CHOH*, the O atom is not readily available for binding and

View Article Online
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the primary binding motif is the C atom. This implies a higher
correlation above 0.85 with CO,* adsorption free energies are
possible only for adsorbates that can bind through the O atom.

Fig. 10 and 11 show the linear scaling relationships between
O* and C* adsorbates. We have seen that the adsorption
energies of O* correlate very well with the adsorption energies
of CH,0*, OH*, CHO*, CH;0*, and CO,* with R? values in the
range of 0.89 to 0.92. In addition, adsorption free energies of
CH,*, OOCH*, and COOH* also exhibit relatively better correla-
tions (R* = 0.83-0.84) with O* adsorption free energies. All these
adsorbates except CH,* species can bind on the nanoclusters
through the O atom. It should be noted that CH,O* and CHO*
which are often considered as C-bound adsorbates on metal
surfaces for linear scaling relation studies, show a significantly
larger correlation with O* adsorption energies on nanoclusters.
Surprisingly, we have found the adsorption free energies of
CH,* adsorbate correlates relatively well with the adsorption
free energies of O* with an R® value of 0.84. All other adsorbates
including CO*, COH*, CHOH*, and CH,OH* do not correlate
well with O* in their linear free energy relationship (Table S4,
ESIt). It should be noted that a free O is unavailable to
participate in bonding with the metal clusters for COHY*,
CHOH*, and CH,OH*. CO* adsorbates although use its two
binding motifs C and O atoms for binding on some of the
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Fig. 11 Liner scaling relationship between adsorption free energies of C* and various adsorbates with the coefficient of determination (R?) value > 0.80.
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nanoclusters especially for early first-row TMs, it mostly uses
the C atom for bonding on cluster moieties, and a lower
correlation in the linear free energy relationship can be attri-
buted to this observation. This argument is further supported
by the fact that a higher correlation (R*> = 0.80) exists between
the adsorption free energies of CO* and C*.

The adsorption free energies of C* show a better linear
scaling relationship with the adsorption free energies of CH*
with an R value of 0.85. In addition, C* shows a relatively better
correlation with CO*, COH*, CH,O0*, CHOH*, CO,* and CHO*
within a range of R® value of 0.80-0.82 in their free energy
relationship. Of these adsorbates, COH* and CHOH* do not
have a free O atom that can take part in binding on nanoclus-
ters and their predominant binding motif is the C atom, and
the CO* adsorbate as discussed above binding through the C
atom on most of the nanoclusters. Other adsorbates CH,O*,
CO,*, and CHO* are bidentate which can use C and/or O atoms
for binding on nanoclusters.

Although there are exceptions, in general, we have found
that the adsorption energies of adsorbates that contain O atom
which can participate in bonding interactions with cluster
moiety show a higher correlation with adsorption free energies
of CO,* or O* compared to that of C* adsorbates. C* adsorption
energies exhibit a relatively better correlation with species that
use the C atom as the main binding motif such as COH*,
CHOH*, and CO*. We have found that the linear scaling
relationship that exists in heterogeneous catalysts such as the
correlation between the adsorption energies of AH, with the
adsorption energies of atom A (A = C, N, O, S, etc.) breaks on
nanocluster surfaces if the adsorbate has more than one atom
that can act as a binding motif on nanoclusters. Some dis-
crepancies in the linear scaling relationship were expected due
to the scattering of the adsorption energies around the linear
relationships. The scattering of the adsorption energies primarily
arises from the differences in the adsorption sites on nanoclusters
and the relative stabilities of the different adsorbates.

Conclusions

We have investigated the CO,RR activity and selectivity on first-
row TM nanoclusters (Sc-Cu) containing 3 to 10 atoms. The
global minimum configurations of all the nanoclusters were
determined using the GIGA version of the birmingham parallel
genetic algorithm (BPGA). We have also determined the best
adsorbate binding positions for various CO,RR adsorbates on
nanoclusters. The adsorption free energies for all the adsor-
bates, in general, show a trend of decreasing while moving
across the firstrow TMs from Sc to Cu. For some of the
adsorbates, we have found a strong correlation between the
adsorption free energies and residual charges on the adsorbates.
We have found that CHO* mediated pathways are preferred, in
general, over COH* mediated pathways for CH, production.
Due to the larger endergonicity associated with the OH*
removal step for the CHO* Path I: * + CO, - COOH* —» CO*
— CHO* —» CH,0* - CH;0* — O* + CH, — OH* — * CO,RR
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via this reaction pathway is greatly disfavored on all nano-
clusters except on Cu clusters containing even number of atom
compositions. We have identified an alternative lowest reaction
route via CHO* Path II: * + CO, - COOH* - CO* - CHO* —
CH,0* - CH,OH* —» CH,* — CH3;* — CH, + * which can
proceed to CH, without passing through the highly endergonic
OH* removal step on most of the clusters. With a limited
number of exceptions, for the reaction route via CHO* Path
II, the potential-determining step is the formation of CH,OH*
from CH,O* (CH,O* — CH,OH*) on most of the Sc to Mn
nanoclusters whilst the potential-determining step for the
CHO* Path II is the formation of CHO* intermediate from
CO* (CO* — CHO*) on Fe to Cu nanoclusters. Moreover, Cu
clusters with even numbers of cluster atom compositions prefer
the reaction route via CHO* Path I with CO* — CHO* as the
potential-determining step, similar to the reported work of
Norskov and co-workers on Cu metal surfaces.”® On many
metal nanoclusters, we have found that COH* mediated path-
ways can compete with CHO* Path II. Unlike CHO* mediated
pathways, we have not found a preference for any particular
COH* pathway and the potential-determining step varies
depending on the relative stabilities of different adsorbates
and the free energy changes associated with various electro-
chemical steps for their formation. Our studies on CH, vs
CH;OH selectivity establish that methanol formation is greatly
disfavored on all nanoclusters irrespective of which is the
preferred CO,RR reaction pathway (CHO* or COH* mediated
pathway) on all nanoclusters. Most importantly, the formation
of side reaction products CO and HCOOH is greatly suppressed
on all nanoclusters due to the high endergonicity associated
with the release of CO and HCOOH from the nanocluster
surface. Moreover, unlike on metal surfaces where CO is weakly
bound to the catalyst surface, the availability of the uncoordi-
nated binding sites on nanoclusters allows the chemisorption
of CO on the cluster surface. Desorption of CO from the
nanocluster surfaces is often a high endergonic step as it
requires the breaking of strong metal-CO bonds and hence,
these CO* species are readily available for further reduction
steps leading to the formation of higher-order reduction pro-
duct, methane. We have found that several nanoclusters Cry,,
Crs, Crg, Vy, Cus, Fey, Fes, Feqq, Cr6, Cug, Cosz, Vs, Crg, Cuz, Feg,
Fe;,, Mng, Cu,;, and Mn, exhibit relatively lower limiting
potential values and can be considered as a potential
nanocluster-based electrocatalysts for CO,RR for methane for-
mation. We have also compared the limiting potentials for
CO,RR and HER and found that HER triggers at much lower
potentials on most of the nanocluster surface. Still, we have
identified a number of nanoclusters (Tis, Vs, Vs, Mny, Mn,,
Mn,, Fe,, Feg, Feq, Niy, and Cus) as possible electrocatalysts
which show a preference for CO,RR over HER by 0.2 eV
or more.

We have also tried to establish a linear scaling relationship
on nanoclusters based on adsorption free energies of CO,*, C*,
and O*. With few exceptions, we have found in general that the
adsorption free energies of adsorbates that can bind through O
atom on the nanoclusters show a higher correlation with the
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adsorption free energies of CO,* or O* compared to that of C*
adsorbates. On the other hand, the adsorption energies of C*
adsorbates show a higher level of correlation with the adsorp-
tion energies of COH*, CH,OH*, CHOH*, and CO* adsorbates
whose O atoms are not readily available for binding on
nanocluster surfaces. A breaking of scaling relationships that
exits on heterogeneous catalysts such as the correlation
between the adsorption energies of AH, with the adsorption
energies of atom A (A = C, N, O, S, etc.) was observed for
adsorbates that can bind on nanocluster through more than
one atom such as CH,O*.
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