Showcasing research from Professor Puru Jena’s group at
Physics Department, Virginia Commonwealth University,
Richmond, USA.

Activation and electrochemical reduction of carbon dioxide by
transition metal atom-doped copper clusters

Transition metal-doped Cu clusters (XCur,, X = 3d/4d elements)
significantly enhance CO; activation and reduction, addressing
Cu's selectivity limitations. Using a multi-scale theoretical
approach integrating the Artificial Bee Colony algorithm,
extended Tight Binding model, and DFT, stable geometries
were determined where X-atoms prefer endohedral positions.
These doped clusters exhibit reduced overpotential (-20%)
compared to Cuss, offering a promising route to efficient CO,
electrochemical reduction. An empirical formula derived from
DFT data provides further insights, advancing the design of
bimetallic catalysts for sustainable chemical conversion.
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1. Introduction

Activation and electrochemical reduction of
carbon dioxide by transition metal atom-doped
copper clusterst

Manish Kumar Mohanta ‘2 and Puru Jena = *

The conversion of CO, into valuable chemical products has garnered significant interest due to the press-
ing need for sustainable solutions. Central to achieving this goal is the development of efficient and cost-
effective catalysts. Although Cu is one of the most promising materials for CO, reduction, it lacks selecti-
vity. In this study, we explore the effect of doping on the binding affinity and activation of CO, by focusing
on XCuj, clusters, where X represents 3d and 4d transition metal atoms. By employing a multi-scale
theoretical approach that integrates the artificial bee colony algorithm, an extended tight binding model,
and density functional theory (DFT), the lowest energy geometries of XCuj, clusters were determined,
revealing that the dopant X-atoms favour endohedral positions, preserving a cage-like structure and maxi-
mizing their coordination with the outer Cu-atoms. A thorough analysis of the structural, electronic, and
magnetic properties elucidates the varying capabilities of these clusters for the electrochemical reduction
of CO, to CO. Doping of transition metal atoms is found to significantly modify the electronic and mag-
netic properties of the clusters, enhancing their reactivity towards CO,. A significant reduction of about
20% in overpotential for CO, reduction is observed in doped clusters compared to the pure Cu;s cluster.
An empirical formula is proposed by fitting the DFT data using ordinary least squares (OLS) regression.
This comprehensive study provides fundamental insights into the potential of bimetallic copper clusters
for CO, activation and reduction, emphasizing their role in advancing catalytic processes for sustainable
chemical production.

However, it lacks selectivity. The faradaic efficiency for ethyl-

ene formation on polyamine-incorporated Cu electrode® does
2

An increase in CO, concentration in the environment due to
the use of fossil fuels is an existential threat to society.
Considerable efforts are being made to develop technologies
not only for minimizing the emission of CO, but also for its
capture, sequestration, and conversion to useful chemicals
such as formic acid, carbon monoxide, ethanol, and other
value-added products.””” Because CO, is an extremely stable
molecule that not only requires 750 k] mol™" energy for dis-
sociation but also involves a multielectron process,® converting
it into useful chemicals is a challenging task; the first step is
to bind, activate, and dissociate it at a low energy cost.*”
Copper is found to be one of the best candidates that can
reduce CO, to more than thirty different hydrocarbons and
oxygenates.®® Hence, research on electrochemical reduction
of CO, (eCO,R) is primarily focused on Cu-based surfaces.
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not surpass 40% at a current density 200 mA cm ".
Experimental studies on the catalytic performance of Al,O;-
supported copper nanoclusters (n = 3, 4, 20) in CO, hydrogen-
ation to methanol have shown that catalytic efficiency is
greatly influenced by cluster size. Among the tested catalysts,
Cuy/Al,O3 exhibited the highest activity, while Cuz/Al,0;, with
one fewer copper atom, showed a significant drop in perform-
ance, deviating from the size-dependence trend seen in gas-
phase clusters.'®™* The ligated metal nanoclusters have also
demonstrated enhanced electrocatalytic activity for CO,
reduction.”®"® Recent studies have highlighted the unique
electronic and catalytic behaviour of size-selected subnanoma-
ter transition metal clusters, setting them apart from metal
surfaces and larger nanoparticle systems.'®® Recent experi-
mental findings have demonstrated the efficient formation of
C, products on small copper clusters incorporated into meso-
porous carbon spheres, metal-organic frameworks or copper
coordination polymers.'®*

Recent efforts focus on identifying new active sites and
probing the activation mechanism theoretically.**>° Atomic
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clusters offer an added advantage not only because most of
the atoms are surface atoms but also because the surface topo-
logy is very different from the planar surface. Past DFT studies
have shown that small copper clusters (Cu,) are excellent can-
didates for the activation of CO, molecules.’°*! This work
instead focuses on the icosahedral Cu,; cluster as an ideal
platform where all the surface atoms are equivalent by sym-
metry. In addition, the electronic structure of Cu,; cluster can
be further modified by doping where one of the Cu atoms is
replaced by either a 3d (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn) or a
4d (Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) transition metal
atom, X. Note that the number of outer electrons of 3d and 4d
transition metal atoms vary from 3 in Sc (Y) to 12 in Zn (Cd).
With each Cu atom contributing one electron to the valence
pool, the total number of electrons taking an active part in a
chemical reaction varies from 15 in ScCuy, (YCuy,) to 24 in
ZnCu,,(CdCuy,). In addition, the magnetic moments of the
transition metal atoms also vary across the 3d and 4d series
with Zn and Cd having no unpaired spins and each Cr and Mo
atom having the largest magnetic moment of 6 pg.
Interestingly, Cu;;, AgCuy,, and ZnCu,, clusters composed
entirely of non-magnetic elements are found to possess large
magnetic moments. Recent experiments have led to the suc-
cessful synthesis of atomically precise copper-rich bimetallic
superatom clusters.*”

The influence of the electronic and magnetic structure on
CO, binding and activation is systematically explored by
doping transition metal (TM) atoms, X, into the Cu,; cluster,
forming XCu,, bimetallic clusters. To calculate the overpoten-
tial in the electrochemical CO, reduction reaction (CO,RR), we
focused exclusively on 3d-atom doped XCu,, clusters, specifi-
cally Cr/Mn/Fe/Co/Ni/Cu-Cu,,. We aim to establish a connec-
tion between the properties of these doped clusters and their
effect on CO,RR performance.

2. Computational details

The first step in our calculation is to determine the equilibrium
geometry of XCuy, clusters (X = any of the 3d or 4d atoms).
Note that the Cu,; cluster is icosahedral with the central atom
surrounded by 12 surface atoms. When an X atom is used to
replace a Cu atom, it can either occupy the interior site of the
icosahedron or one of the surface sites. We used the Artificial
Bee Colony (ABC) algorithm implemented in the ABCluster
program to classify initial global minimum energy confor-
mation/structure (GMEC).*** The ABC algorithm combined
with eXtended tight binding (denoted as ABC-XTB) was found
to be an effective approach to evaluating GMEC with the accu-
racy of the first-principle method. The initial structures
obtained from the ABC-XTB calculations were further optimized
using spin unrestricted density functional theory (DFT) with
hybrid exchange-correlation potential, B3LYP (Becke 3-para-
meter Lee-Yang-Parr hybrid functional)***® and the def2-TZVP
basis set’” implemented in the Gaussian16 package.’® The
effect of van der Waals interaction on the chemisorption of
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CO, molecule is incorporated using Grimme’s D3 dispersion
scheme.***? We have considered all possible spin multiplicities
for each geometry to ensure the robustness of the ground-state
search. Further, vibrational-frequency analysis ensures that a
single imaginary frequency corresponds to the transition state.
The spin population analysis is carried out using the Multiwfn
program.*® The CO, reduction calculation is performed using
the Vienna ab initio simulation package (VASP) details of which
are provided in the ESL{ *'™**

3. Results and discussion

3.1 Geometry, stability, electronic, and magnetic properties
of transition metal-doped XCu,, bimetallic neutral clusters

As an example of the search of the phase space carried out by
using the ABCluster algorithm without any symmetry con-
straint, we present a list of initial structures sorted by energy
for CrCuy, in Fig. 1(a). These were further optimized using
DFT. The surface site occupancy of the dopant was found to be
10.3 eV higher than the central site occupancy in the case of
CrCuy, as indicated in Fig. 1(b). In all cases, we found that the
TM atoms, X, occupy the central site, maintaining a cage struc-
ture and maximizing their coordination with the surface Cu
atoms. All clusters are found to be dynamically stable with no
imaginary frequencies. The coordinates of a few selected
atoms can be found in ref. 45. Only four clusters (e.g., Cuys,
CrCuy,, MoCuy,, and AgCu;,) are found to retain perfect icosa-
hedral symmetry. Among these, Cu;; and AgCu,, clusters are
isoelectronic while CrCu;, and MoCu,, clusters adhere to the
18-electron shell closure rule. For small clusters such as Sn-
doped Cu, clusters studied by Tommaso et al.,*® the catalytic
reaction occurs at a new active site Sn which is different from
this work.”” In all XCu,, clusters, only the Cu atoms are
exposed to catalytic reaction, making it easy to study the effect
of doping on CO, binding and activation.

Now, to understand the influence of transition metal atoms
on the stability of XCuy, clusters, the substitutional doping
energy for a single dopant atom X in the Cu,; cluster is calcu-
lated using the following equation.*®
1

1 [Excu,, + Ecu — Ecuy,

Eqp = - EX] (1)

Here, E(X), E(Cu) and E(XCu,,, Cu,3) represent the total
energies of transition metal atoms, copper atoms, and XCu;,
and Cu,; clusters, respectively. The positive Eg,p, value indi-
cates that the substitution process is endothermic and hence
unfavourable. The results are plotted in Fig. 1(c). Among the
3d- and 4d-series, CrCu;, and MoCu,, clusters, respectively,
are found to be the most stable structures due to the 18-elec-
tron shell closure rule while ZnCuy,, AgCu,,, and CdCuy, clus-
ters are less stable than the Cu,; cluster.

The vertical ionization potentials (IP) are calculated using
the following equation.

IP = Eiot(N — 1) — Eror(N) (2)

This journal is © The Royal Society of Chemistry 2025
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(a) Guess structures of CrCuy, cluster sorted by their energy; (b) energy difference between its two different configurations, cluster C-1

where Cr is positioned at the centre of the icosahedral and C-2 where Cr is positioned at the surface site; (c) substitutional energy and (d) vertical

ionization potential of all the transition metal atom-doped clusters.

where N is the number of electrons of the neutral cluster and
E.t(N) is its total energy. The results are presented in Fig. 1(d).
A significant drop in the IP is evident at MnCu;, and TcCuy,,
which is attributed to the elevated IPs of CrCu;, and MoCu,,
clusters in the 3d and 4d series, in line with the 18-electron
shell closure rule.

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the Cr/Mn/Fe/
Co/Ni/Cu-Cu,, clusters are plotted in Fig. 2 for a systematic
comparison. Note that the MOs of the Cr atom are consistent
with it being found in a “spherically symmetric” potential well
with orbital occupancy as 1s>1p°1d*°2s®. A notable decrease in
the HOMO-LUMO gap, ranging from 2.72 eV to approximately
0.9 eV, is observed when Cu is substituted by various transition
metals (TM), highlighting the impact of dopants on electronic

This journal is © The Royal Society of Chemistry 2025

properties. Fig. 2 highlights the shift in the relative contri-
butions of various molecular orbitals to both the HOMO and
LUMO. Fig. S11 depicts the distribution of percentage contri-
butions from transition metal (X) atoms in the HOMO and
LUMO, showing that Cu contributes about 75% to the HOMO,
whereas transition metal atoms account for nearly 80% of the
LUMO.* Fig. S2 displays the molecular surface map of the
average local ionization energy (1), revealing that the outer Cu
atoms are the most favourable sites for electrophilic attack,
playing a crucial role in cluster-molecule interactions.

3.2 Magnetic properties of transition metal-doped XCu,, bi-
metallic clusters

The 3d and 4d elements have partially filled d-shells, leading
to magnetic moments that vary based on the number of elec-

Nanoscale, 2025, 17, 8505-8514 | 8507


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03795b

Open Access Article. Published on 17 February 2025. Downloaded on 09/11/2025 2:38:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
CrCu,, MnCu,,

0 LUMO_ ___ 0 - . P
g =:"o® ™ X
| 1 ———F— ! 1 0 |

-1 ! : I {23 | | IS I
b AN '3 |
I : ) - I ‘o |
1 1 | 1
g e s == Mn:d2.8% | | Fe:41.15% |
4 L 2 | CusT2% | 2| SE2EE ) Cus85%!
a48% ! T R L T o Ui e
: “an ! S dASS% | = | 5:45.75% |
-3 1 8099.3% 3 -3 \ d:45.38%
o E02% ] 1 095e¢V ________ | Aoonnw T =
4 2.72 eV . ! 4 10-90 eV T N
- ! .
i l [ \ : : : :
S5 Y | [ | : i
I | -5 e -5 — |
] 1 I —— 1
I 1 ! I ' Fe:39.9%
| Mn:49.55% | i
-6 | Cr:21.62%;  _ | Cu:50.45% 1 -6 I Cu:60.1% |
—————1 Cu:78.38%! [ e 1 s49%
— | Cuc78 A% d:5248% 1 —— 3
% 4 4749% ! | Sccasisiod 2%
-’
>
2o CoCu,, NiCu,,
g 0 =E=== T ooy =\ 0 - - T T T N 0 {4 1
= i 1 g - | \ I i
e = | ! L : : .
-1 ! A | ! Lol ! I
| 1 [ I
: Co:26.34%: : : : :
=2 o I I
: | Cu:73.66%! 43 | Nil573% 1 -2 | 5:97.09% |
= | 5:58.6% 1 ' Cu:84.27% ! U 1.33% |
==== et CW:B4275 !
-3 3 mm==, s:67.09% | _3 s y
I ‘L _d:21.14% ! e

0.96eV '~ @ "N | A STTEEeT i N

4ly i 4] 1094 eV ,—-a--- Y4 [1.39eVi :

1 I I

s ' S : 5 : :
I |

= C0:28.6% ! [ i ! [

% | Cu:71.4% | 6 : glls‘gsiss// | i 5:31.94% |

—————— - | . - o 0,

| 5:54.25% | — -“-'-;-0/ ol | d:604% |

e\ d:33.98% ) — — | 5:65.47% 1 ] — R -
Ve ’ | 21.33% )

Fig. 2 Molecular orbital maps of HOMO and LUMO of the Cr/Mn/Fe/Co/Ni/Cu-Cujy, clusters; solid and dashed lines represent occupied and unoc-

cupied states.

trons in the d-orbitals. These values are illustrated in
Fig. S2(b).T They range from 1ug in Sc (Y), peak at 6up in Cr
(Mo), and diminish to zero in Zn (Cd). When the transition
metal atoms are doped into the copper cluster, the unpaired
d-electrons contribute to the copper cluster, modifying the net
spin magnetic moment. To determine the preferred magnetic
moments of XCu,, clusters, we calculated the total energies
for various spin multiplicities with the findings summarized
in Table S1.7 Fig. S2(b)T compares the total preferred magnetic
moments of all clusters with those of isolated 3d and 4d tran-
sition metal atoms. Notably, the magnetic moments decrease
from ScCuy, (YCuy,) to CrCuy, (MoCu,,) where they are com-
pletely quenched following the 18-electron shell-closure rule.
The magnetic moments then increase, reaching a maximum at
Cu;; (AgCu,,), exhibiting a magnetic moment of 5ug.
Interestingly clusters like Cu,z, AgCu;,, and ZnCuy, are com-
posed of non-magnetic elements, yet they show significant

8508 | Nanoscale, 2025, 17, 8505-8514

magnetic moments. Among the transition metals studied, Ti/
Zr and Co/Rh uniquely retain their atomic magnetic moment
when embedded in the Cuy; cluster.

3.3 Adsorption and activation of CO, on XCu,, clusters

To catalytically convert CO,, the first critical step is to examine
its adsorption on the catalyst surface, distinguishing between
physisorption and chemisorption and evaluating the mole-
cule’s activation level. In the physisorbed state, CO, maintains
its gas phase geometry with a C-O bond length of 1.18 A and
an O-C-O bond angle of 180°. In contrast, chemisorption
results in elongated C-O bonds and a loss of linearity, with the
linear O=C=0 becoming bent signifying the activation of the
CO, molecule.

The effect of the surface topology on the adsorption of CO,
is studied by focusing on a flat Cu (111) surface, Cuyz, Cuyg,
and Cu,, clusters. Our choice of Cu;g, Cu,, clusters was

This journal is © The Royal Society of Chemistry 2025
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motivated by the fact that their geometries are available on the
database.’® The resulting geometries with interacting CO, are
given in Fig. S3.7 The CO, molecule interacts differently as
seen from the change in bond length and bond angle. It is
weakly bound at a distance of 3.1 A from the Cu (111) surface
with a C-O bond length of 1.17 A and £OCO bond angle of
178.9°, remaining close to their pristine gas-phase values of
180° and 1.18 A, respectively. The binding energy of CO, on
the Cu (111) surface, as defined in eqn (3), is 0.21 eV. In con-
trast, the CO, binding energy on the Cuy; cluster is signifi-
cantly higher, reaching 2.18 eV. In addition, the CO, under-
goes significant bending with £OCO bond angle of 134.9° and
~8.7% bond elongation (1.28 A), reflecting the effect of the
surface morphology of the Cu-cluster. In an earlier study on
cobalt porphyrin nanotubes, Sun and coworkers® also
observed the effect of surface morphology on chemical reac-
tions. A comparative plot of CO, chemisorption on a larger
copper cluster is shown in Fig. S3.1 While surface morphology
significantly influences CO, activation, this study primarily
focuses on the effects of doping.

Our subsequent study focused on the interaction between
CO, and the XCuy, clusters. In Fig. 3, we present the optimized
geometries of a few clusters. Notably, even though CrCu,, is
an electronically close-shell system, the £OCO bond angle of
136.6° indicates its potential for CO, activation. The binding
energies (Ey,_co,) of CO, is calculated using eqn (3).

(3)
Here, Excu,,co, is the energy of the fully optimized structure

of XCuy,CO, and Excy,, and Eco, are energies of the XCuy,
cluster and CO, molecule, respectively. Positive binding energy

Eb_co, = [Excu,co, — Excuy, — Eco,)

115.22°
-12 -12 -12
-6 — 16| ——  -16

(a) CO, adsorption on various clusters demonstrates varying degrees of chemisorption, evolution of HOMO-LUMO MO energies of different

a)
136.630 135.42“ 134.78"
CrCu,, MnCu,, NiCu,,
134.9° 130.82°
Cu,, MoCu,, ZrCu,,

Fig. 3

1
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indicates a favorable binding of the CO, to the metal cluster.
The results are plotted in Fig. 4(a) while £OCO angles and C-O
bond lengths of CO, adsorbed on XCu,, clusters are summar-
ised in Table S2 of the ESLf The interaction strength
diminishes with an increasing number of valence electrons,
hitting a low point for CrCuy, (1.37 eV) and MoCu;, (1.17 €V)
before rising again. This is a reflection of the closed 18-elec-
tron shell configuration. Variations in the interaction between
clusters and CO, molecules are evident in the bending of the
£0CO bond angle and the elongation of the C-O bond.
Fig. 4(b) illustrates these effects. Specifically, greater binding
energies correlate with increased deformation of both the C-O
bond length and £OCO bond angle. Considering a bending
angle of 130 degrees and 10% bond elongation as a reference
(refer to Fig. 4(b)), only a few clusters show strong activation
capabilities of CO, molecules out of 18 clusters highlighted
with colored backgrounds. The physical stretching and
bending of CO, can be characterized by charge transfer from
the cluster to the CO, molecule, polarizability and many more
properties of the cluster. The highlighted clusters in Fig. 4(b)
have comparatively lower IP (refer to Fig. 1(d)), which indicates
easy transfer of electronic charge to CO,, resulting in higher
bending. The Mulliken charge analysis confirms that the CO,
molecule acquires a significant amount of charge after getting
adsorbed on the Cu cluster. Table S27 presents the charge
transfer values to CO,, with Fig. S4t illustrating that, among
both the 3d and 4d series clusters, CrCu,, and MoCu;, exhibit
the minimum charge transfer to CO,, adhering to the 18-elec-
tron closed-shell rule. Some of the previously reported Cu-
based and other clusters are shown to activate CO,, such as
Cu,Sn, (132.7°, 8.5%),*® [B1(CN)1 >~ (127°, 0.8%),>* CuZr,

b) CO, ¢) CrCu, d) ZrCu,
B3LYP/6-31+g(d,p)

H

oo |

9.8

l

eV

Energy (eV)
281 eV

| %
\
\ '
\ -
T
>

CO, configurations obtained from (b) unperturbed CO,, (c and d) Cr/ZrCujy; cluster.
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Fig. 4 (a) Binding energy of the CO, in different clusters, (b) bond angle («OCO) and percentage increase in bond length of CO, after chemisorp-

tion on the clusters; bond length of C-O (1.18 A)in gaseous CO, molecule is used as a reference.

(115.6°, 16.9%).>* Considerable bending of the CO, molecule
is observed in all the clusters while maximum bond length
elongation (C=O to C-O) can be observed in the ZrCu,,
cluster. The evolution of the MO energy diagram of CO, in the
unperturbed and chemisorbed state on different clusters is
provided in Fig. 3. The uneven distribution of molecular orbi-
tals can be depicted as the bending angle varies.

The polarizability of neutral clusters is one of the main
descriptors of intermolecular force in physisorbed systems.
The average polarizabilities of each cluster in the equilibrium
configuration are calculated as,

1

a=z (Ox + ayy + az), (4)
where a,,, ), and a, are elements of the polarizability tensor.
The variation of the polarizability of the TM-doped clusters is
plotted in Fig. 5 where group-2 (X = 4d atoms) clusters exhibit
greater polarizability compared to group-1 (X = 3d atoms).

For a systematic comparison, the calculated data for group-1
and group-2 clusters are plotted in Fig. 5. The wider section of
the violin plot represents a higher probability whereas the nar-
rower sections represent a lower probability. From Fig. 5(a), the
median bending angle for group 1 is ~135° whereas that for
group 2 it is ~120°. The binding energies as well as the polariz-
abilities of the group-2 clusters are much higher than that of the
group-1 clusters which indicates better activating properties of
the former. Further, to investigate the dependence between mul-
tiple properties of clusters, a correlation matrix that measures
the linear correlation is constructed from both group-1 and
group-2 data sets. The results are given in Fig. 5(d). From this
Pearson correlation matrix, the bending angle and bond elonga-
tion are highly correlated with the binding energy, charge trans-
fer, and polarizability of the cluster whereas other parameters
such as ionization potential, and number of valence electrons
are found to be less correlated. The reason lies in the behaviour
of the plots similar to a function |x| which has both positive and
negative coefficients as can be seen in Fig. 4(a). To elucidate this

8510 | Nanoscale, 2025, 17, 8505-8514

point, we have divided the data into two sets; (i) 16 to 18 valence
electrons and (ii) 19-24 valence electrons, with the results
depicted in Fig. 5(e) and Fig. S5.1 The correlation matrix indi-
cates that all parameters are linearly correlated with each other.

3.3 Electrocatalytic CO, reduction reaction (CO,RR) on
clusters

The CO,RR involves multiple proton and electron transfer pro-
cesses. This section systematically investigates the electro-
chemical conversion of CO, to CO on the Cr/Mn/Fe/Co/Ni/Cu-
Cu,, clusters. The reaction process involved different inter-

mediate steps described as;****
CO; (g) + * — *CO, (5)
*CO, + (H" 4+ e~) — *COOH 6)
*COOH + (H' +e7) — *CO + H,0 (g) 7)
*CO — * 4 CO (g) (8)

The reduction process of CO, in the adsorbed state to CO
follows three key reaction steps. The first two steps involve pro-
tonation and charge transfer between the adsorbed CO, and a
free hydrogen atom in the environment, resulting in the for-
mation of the *COOH intermediate which further undergoes a
protonated charge transfer process to yield the desired pro-
ducts, *CO and H,O. Finally, the adsorbed *CO product
desorbs from the surface in the third reaction step.

To quantify these intermediate processes, the Gibbs free
energy change (AG) for each intermediate can be evaluated by

the computational hydrogen electrode (CHE) model given as;>*°

where AEppr, AEZzpg and AS signify the differences in the total
DFT energy, zero-point energy, and entropy, respectively. U rep-
resents the applied potential which is set to zero. The
maximum Gibbs free-energy change (AGpa,y) can characterize
the rate-determining step (RDS) of the complete CO,RR

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Violin plot of (a) bond angle of CO, in the chemisorbed state, (b) binding energy of CO, (c) polarizability of TM-doped cluster, (d—e) Pearson

correlation plot; angle refers to O—C=0 bond angle.

process. The overpotential (i) is a crucial metric for catalytic
performance and is quantitatively equivalent to the limiting
potential;

1= —Up = AGmax/€ (10)

Here U, denotes the electric potential required to surpass
the energy barrier of the potential-limiting step. Using Gibb’s
free energy change (AG) method, the CO, reduction to CO on
Cr/Mn/Fe/Co/Ni/Cu-Cuy, clusters is first investigated with the
results displayed in Fig. 6. As observed in Fig. 6(a), the RDS for
all clusters occurs at the third step, *CO — * + CO (g), with
energy barriers of 1.33, 1.42, 1.50, 1.57, 1.65, and 1.72 eV
respectively. Notably, the overpotential and the magnetic
moments of the clusters follow a similar trend, as depicted in
Fig. 6(b). Finally, the competitive reaction to form H, is also
examined, given that CO, reduction typically occurs in a liquid
environment. To assess this possibility, the initial step of
hydrogenation leading to potential intermediates such as
*COOH is evaluated using the Br@nsted-Evans-Polanyi (BEP)
relation, which is derived from the change in Gibb’s free
energy. The free energy profile of hydrogen atom adsorption is
plotted in Fig. 6(c) and the selectivity plot is presented in
Fig. 6(d).”” It is important to note that the upper (left) and
lower (right) regions represent the selectivity for HER and

This journal is © The Royal Society of Chemistry 2025

CO,RR products, respectively. In this study, for most of the
clusters with the exception of CrCuy,, the intermediate *COOH
is more likely to form due to its lower AG value. It is interest-
ing to note that the calculated adsorption energies of water on
the clusters 0.4-0.7 eV (refer to Table S4f) are close to or
slightly higher than the experimental value of water adsorption
on Cu(110) surface®® (10 keal mol™" = 0.43 eV). The adsorption
energy of the water molecule is 0.42 eV for the Cus, cluster.”
Identifying an intrinsic descriptor with predictive power,
independent of further DFT calculations, is crucial for efficiently
screening the best catalysts from a vast array of material candi-
dates. In this context, to establish a relationship with the overpo-
tential (#°°) for TM-doped clusters, a straightforward yet funda-
mental descriptor (&) can be used which is defined by:***

N
o— N (11)
I'mm X N

where N, rry and n are the number of d electrons, atomic
radius, and periodic number of TMs (see Table S47). The vari-
ation and Pearson correlation matrix of DFT obtained cluster
parameters such as the magnetic moment of the cluster, an
inherent descriptor of dopant TM, and polarizability is plotted
in Fig. 7(a and b).
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Now considering overpotential as a dependent variable and
the other three as independent variables, a relationship can be
obtained by fitting the DFT obtained data with the ordinary
least squares (OLS) regression method. This is given by;

Overpotential = Cj + C; x magnetic moment
+ C, x inherent descriptor
+ C; x polarizability

(12)

8512 | Nanoscale, 2025, 17, 8505-8514

55 %0 b) Cr/Mn/Fe/Ni/Co/Cu-Cu,,
Overpotential
2.0 [320 Magnetic
moment
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Polarizability

1.0 300

c®

(a and b) Variation of different cluster parameters and their Pearson correlation plot.

where the coefficients are found to be C, = 1.492, C; = 0.0847,
C, = —0.0211, C; = —0.0004 achieving an R* of 1. Doping sig-
nificantly influences the relative stability and alters both the
electronic and magnetic properties of the material. The corre-
lation between overpotential and these properties, as outlined
in eqn (12), can be articulated as follows: the Mulliken spin
population analysis, summarized in Table S5,f reveals a
reduction in spin density when the endohedral Cu-atom is
substituted with other transition metals (TM). Fig. 7 illustrates

This journal is © The Royal Society of Chemistry 2025
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a linear decrease in the overpotential for the CO, to CO
reduction, establishing a direct correlation between magnet-
ism and catalytic activity. Furthermore, the variation in polariz-
ability arises from changes in electronic properties, which are
intrinsically linked to the equilibrium structure, as evidenced
by Fig. 1 and 2. This study highlights the dependence of over-
potentials on the interplay between magnetism, equilibrium
structures, and electronic properties.

4. Conclusion

In this study, we have systematically investigated the equili-
brium structures, electronic and magnetic properties of tran-
sition metal atom-doped icosahedral copper clusters, XCu;, (X
= 3d and 4d transition metal atoms), using a multi-scale
theoretical approach that combines the artificial bee colony
algorithm, the extended tight binding model, and density
functional theory (DFT). Our findings reveal that doping sig-
nificantly influences their electronic configurations, magnetic
properties, and stability. In addition, Transition metal-doped
Cul2 clusters exhibit an enhanced ability to bind, activate,
and electrochemically reduce CO,.

Among the clusters studied, CrCu;, and MoCu;, stand out
as the most stable clusters among the 3d and 4d series, respect-
ively, due to their closed electronic shell structures. This shell
closing also leads to quenched magnetic moments even
though Cr and Mo possess the highest magnetic moments in
their respective series. While closed-shell systems should be
relatively chemically inert, CrCu;, and MoCu,, can bind and
activate CO,. The findings further reveal a direct correlation
between the electronic and magnetic properties of the clusters
and their catalytic performance, with transition metal-doped
clusters exhibiting approximately a 20% decrease in overpoten-
tial for CO, reduction compared to the pure Cu,; cluster. The
proposed empirical formula based on DFT data further
enhances our ability to predict the properties of similar clus-
ters, providing a valuable tool for future material design.
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