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Atomically precise nanoclusters (APNCs) of coinage metals provide a powerful platform for elucidating
structure—property relationships in catalysis due to their well-defined atomic structures. In this study, we
investigate the electrocatalytic behavior of the rod-shaped Au4»(SR)s> nanocluster and its copper-doped
derivatives for the carbon dioxide reduction reaction (CO,RR) and competing hydrogen evolution
reaction (HER). By integrating density functional theory (DFT) calculations with electrochemical
measurements, we demonstrate that ligand removal has a profound impact on catalytic activity and
selectivity by altering the nanocluster’s electronic structure and active sites. Among the ligand-modified
configurations, the -SR removed Au4»(SR)s» nanocluster exhibits the most favorable CO,RR
performance, with significantly lower overpotentials and enhanced selectivity. While Cu doping can
improve activity and selectivity in the pristine and —R removed nanoclusters, it reduces performance in
the —SR removed nanocluster due to a shift in the potential-determining step (PDS) from *COOH
formation to *CO desorption after Cu doping. The DFT predicted onset potentials for CO,RR and HER
show excellent agreement with electrochemical experiments. Additionally, X-ray photoelectron
spectroscopy (XPS) analysis confirms ligand stripping during reductive electrolysis. While site specific Cu
doping remains to be achieved experimentally, our findings underscore the critical role of dynamic
ligand behavior under operating conditions in the rational design of high-performance APNC-based

electrocatalysts for CO, conversion.

Introduction

The electrochemical carbon dioxide reduction reaction (CO,RR)
offers a promising route and sustainable solution to produce
value-added carbon-based fuels while mitigating rising atmo-
spheric CO, levels.’™ Given the chemical inertness of the CO,
molecule, efficient catalysis is essential. CO,RR catalysts must
exhibit not only high activity and product selectivity but also
a strong ability to suppress the competing hydrogen evolution
reaction (HER). Meeting these criteria requires a detailed
understanding of the energetics of reaction intermediates in
multi-step processes involving multi-electron transfer, many of
which are coupled with proton transfer.>® Identifying the cata-
lytically active sites is therefore crucial, yet remains challenging
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for conventional nanomaterial catalysts due to their poly-
dispersity and lack of atomic-level structural uniformity.

In contrast, ultrasmall atomically precise nanoclusters
(APNCs) have emerged as a powerful class of materials for
catalysis.”® These APNCs, typically 1-3 nm in size and consist
of tens to hundreds of metal atoms, are protected by a mono-
layer of organic ligands and possess well-defined, crystallo-
graphically resolvable atomic structures. Their compositional
tunability and molecular precision make them excellent plat-
forms for bridging experimental and computational studies,
enabling the correlations of mechanistic insights with catalytic
activities at the atomic level.'"'*'* Moreover, APNCs can be
precisely doped with heteroatoms to form alloy-like structures
not readily attainable via traditional colloidal synthesis.**>*

Among APNCs, thiolate-protected Au nanoclusters have
demonstrated promising CO,RR activity.*"** While maintaining
the inherent CO selectivity of bulk Au, these APNCs also exhibit
unique interactions with CO, not observed on extended Au
surfaces. For instance, the spherical Au,s(SR);s nanocluster
shows improved CO,RR performance compared to bulk Au and
larger Au nanoparticles, featuring lower overpotentials and
higher faradaic efficiencies.”*** A newer member of the APNCs,
the rod-shaped Au,,(SR)s, nanocluster, features a hexagonally
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close-packed Au,, kernel protected by two pairs of interlocked
Au,(SR); staples at the ends and six Au(SR), monomers along its
body (Fig. 1a).>* This anisotropic structure is unique in intro-
ducing one-dimensional character in its local electronic envi-
ronment that should affect CO, adsorption and intermediate
binding.

In this study, we investigate the electrocatalytic performance
of rod-shaped Auy,(SR)s, nanocluster and its Cu-doped deriva-
tives for CO,RR and HER. Cu is the only known metal that can
catalyze CO,RR to C,. products in appreciable yields.***
Previous studies have shown that Cu doping in Au-based cata-
lysts can enhance CO,RR activity while suppressing HER.?>?** As
site specific Cu doping remains to be achieved experimentally,
we explore potential doping sites in the Au,,(SR)3, nanocluster
by performing density functional theory (DFT) calculations, and
assess how Cu incorporation affects the activity of CO,RR and
HER. The impacts of ligand removal,*»* a phenomenon that
plays critical roles on the active sites and catalytic mechanism,
are revealed for both pristine and Cu-doped Au,,(SR)s,
nanoclusters.

Results and discussion

We first estimate the HOMO-LUMO gap of the Auy,(SR)s,
nanocluster using DFT. The structural model was based on
available crystallographic data, as illustrated in Fig. 1a. To
reduce computational cost without significantly affecting the
electronic structure, the phenyl groups on the thiolate ligands
were replaced with methyl groups.*® Additional computational
parameters and methods are provided in the SI. The DFT-
calculated HOMO-LUMO gap is 1.09 eV. From experimental
measurements using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) shown in Fig. 1b, the first major
anodic and cathodic peaks in CV correspond to the well-defined
oxidation and reduction peaks at 0.929 V and —0.56, V in DPV
respectively (as indicated by the red asterisk in Fig. 1b). Addi-
tional redox features at higher potentials are poorly defined in

C 0 6C
»

Fig. 1
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CV but clearly revealed in DPV. Average of the first peak spac-
ings, gaps after the first oxidation and reduction peaks indi-
cated by the green arrows, 0.26; and 0.31, respectively, is used
to estimate the capacitive charging energy of 0.28 eV corre-
sponding to the gain or loss of 1e as described in concentric
sphere model.*” The experimental HOMO-LUMO gap by elec-
trochemistry is determined to be 1.21 eV (0.69-(—0.80)-0.28).
This value is in close agreement with the DFT prediction,
thereby supporting the reliability of our computational model
and providing confidence in the theoretical framework used to
analyze the electronic structure and catalytic performance of the
Auy,(SR)3, nanocluster.

A signature redox activity of Au APNCs is the quantized
double layer charging, featuring largely evenly spaced peak(s) in
DPV upon further oxidation or reduction. Those indicate
chemically and often electrochemically reversible redox behav-
iors within mild potential ranges owing to their intrinsic
structural stability.*®** However, the Au,,(SR);, nanocluster
exhibits chemical irreversibility upon the first oxidation and
reduction. As shown in Fig. 2a and b, a weak reversal oxidation
peak, circled in red, was only detectable at higher scan rates.
This is a characteristic chemical irreversible reaction following
electron reduction to LUMO, suggesting a sluggish ligand
detachment rate in the order of sub-seconds upon reduction
qualitatively. No reversal reduction feature is observed after the
oxidation of HOMO, indicating a greater instability of the
oxidized species. These observations reveal that both electron
addition and removal destabilize the Au,,(SR);, nanocluster,
potentially triggering structural rearrangements such as ligand
loss. Reductive electrolysis at —0.78 V vs. RHE for 60 minutes
was then performed on the Au,,(SR);, nanocluster for X-ray
photoelectron spectroscopy (XPS) characterizations*® (Fig. S5).
Compared to the strong Au signals, the S signal decreased after
electrolysis to below the threshold S/N ratio for quantitation.
Semi-quantitatively, about 50% of the original 32 SR ligands
remain detectable. Multi-cycle CVs of the Au,,(SR);, nano-
cluster film on electrode are included in Fig. S3. The shoulder

Current (uA)
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(a) Atomic structure of the Au,2(SR)s, nanocluster (SR = 2-phenylethanethiolate). Au atoms are shown in yellow, S in blue, and C in gray.

(b) Cyclic voltammogram (top) and differential pulse voltammogram (bottom) of the Au4,(SR)s, nanocluster. Dashed line in the CV was collected
without the Au4»(SR)s, nanocluster under otherwise identical condition as background for comparison.
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Fig.2 CVs with narrower potential window around (a) LUMO and (b) HOMO region with different scan rates. Atomic structures of the Au4,(SR)32
nanocluster in (c) fully ligand-protected, (d) —R removed, and (e) —SR removed configurations. Au atoms are shown in yellow, S in blue, C in gray,

and H in white.

peak at about —0.5 V vs. RHE is absent in the first cycle but
appears in later cycles. This is reminiscent of the reductive
desorption of thiolates in 2D self-assembled monolayer from Au
electrodes M-SR + e~ — M-solvent + RSgopated 5 % corre-
spondingly the formation of active sites due to ligand removal
reported in the prototype Au,s nanoclusters,'** a clear indica-
tion of operando ligand removal driven by electrode potential
corroborating with the XPS results.

Motivated by this behavior, we investigate the role of ligand
removal in modulating the nanocluster's catalytic activity. To
encompass possible routes reported in literature,**** we
consider two ligand-removal scenarios: (1) detachment of the R-
group from the thiolate ligand (-R removal, Fig. 2d), and (2)
complete removal of the thiolate ligand (-SR removal, Fig. 2e).
Under increasingly reductive potentials, -SR removal is ex-
pected to dominate via electrochemical protic attack on S atoms
and reductive Au-S bond cleavage,*®* whereas -R removal,
though thermodynamically feasible according to DFT, may only
occur under more extreme conditions involving localized C-S
bond polarization or radical-mediated scission. These ligand-
modified, along with fully ligand-protected (Fig. 2c), nano-
cluster models are used in subsequent investigations of CO,RR
and HER activity to elucidate the effect of ligand dynamics on
catalytic performance. In this work, we focus on configurations
involving the removal of a single -R or -SR ligand to capture the

This journal is © The Royal Society of Chemistry 2025

initial stages of surface activation. Under more negative
electrochemical potentials or extended electrolysis, however,
additional ligands may be progressively detached, leading to
partially or extensively deprotected cluster surfaces. Although
modeling such multi-ligand removal events is computationally
prohibitive due to the vast configurational space, the qualitative
trends established here, particularly the identity of potential-
determining steps and the relative order of activity among
configurations, are expected to remain valid. Notably, XPS
measurements (Fig. S5) reveal a gradual loss of thiolate species
with increasing cathodic bias, supporting a stepwise ligand
removal process. Future studies incorporating multiple-ligand
removal scenarios will be important for understanding how
progressive surface deprotection modifies the electronic struc-
ture and catalytic selectivity of these atomically precise nano-
clusters under operating conditions.

Fig. 3 presents the free energy profiles for CO,RR and HER
on pristine, -R removed, and -SR removed Auy,(SR)3, nano-
clusters. For the pristine Au,,(SR)3, nhanocluster, the potential-
determining step (PDS) is *COOH formation, with an onset
potential of —2.15 Vvs. RHE. Upon -R removal, the PDS shifts to
*CO formation, although the onset potential remains compa-
rable (—2.28 V vs. RHE). Notably, for the -SR removed nano-
cluster, the onset potential improves significantly to —0.47 V vs.
RHE, while the PDS reverts to *COOH formation. HER profiles

J. Mater. Chem. A
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Fig. 3 Free energy profiles for (a) CO,RR and (b) HER on pristine, =R removed, and —SR removed Au,4,(SR)s> nanoclusters. The potential-

determining step (PDS) in each profile is indicated in bold.

also vary with ligand removal. The onset HER potentials for the
pristine, -R removed, and -SR removed Au,,(SR)3, nanoclusters
are —0.80 V, —0.95 V, and —0.57 V vs. RHE, respectively. In the
pristine nanocluster, the PDS is the adsorption of *H, whereas
for the ligand-removed nanoclusters (-R or -SR), the PDS shifts
to *H desorption. Overall, the -SR removed nanocluster exhibits
the highest catalytic activity for both CO,RR and HER, high-
lighting the critical role of ligand removal in enhancing catalytic
performance. These findings align with previous studies on
Au,;s nanoclusters, which have shown that fully ligand-protected
nanoclusters exhibit low CO,RR activity, and that localized
ligand removal is essential to achieving high electrocatalytic
performance.*

To gain mechanistic insight into how ligand removal affects
catalytic activity, we analyzed the atomic structures associated
with CO,RR and HER on the three nanoclusters. Fig. 4 illus-
trates the active sites of CO,RR for the pristine, -R removed, and
-SR removed Au,,(SR);, nanoclusters (active sites of HER are
shown in Fig. S6). For the pristine Au,,(SR);, nanocluster, the
active site is located on the core Au. Due to the weak interaction
with reaction intermediates, the PDS involves their adsorption
(*COOH for CO,RR and *H for HER), resulting in high onset
potentials for both reactions. In the -R removed Augs,(SR);,
nanocluster, the exposed and under-coordinated S atom serves
as the active site. Here, the interaction with intermediates is
excessively strong, making desorption the PDS and again
leading to high onset potentials. In contrast, for the -SR
removed nanocluster, the active sites shift to under-coordinated
Au atoms, which exhibit moderate binding strength with reac-
tion intermediates. This optimal interaction results in signifi-
cantly enhanced activity for both CO,RR and HER. Thus,
changes in catalytic performance following ligand removal can
be attributed to changes in the identity and coordination of the
active sites, which modulate the binding affinity for key inter-
mediates. Specifically, the -SR removed nanocluster, with
under-coordinated Au active sites, provides the ideal balance in
binding strength, thereby achieving superior catalytic activity.
In comparison, the pristine and -R removed nanoclusters suffer

J. Mater. Chem. A

from suboptimal binding, either too weak or too strong, which
limits their catalytic performance.

We next explore the effects of Cu doping in the Auy,(SR)s,
nanocluster, as Cu is known to modify the electronic structure
of Au-based systems and potentially enhance their catalytic
performance for CO,RR.*****” To systematically evaluate the
impact of Cu incorporation, we examine all 42 possible single-
dopant configurations of the Au,,(SR);, nanocluster, corre-
sponding to Cu substitution at each individual Au site. The
relative energies of these 42 isomers are listed in Table S1. Due
to the symmetry of the Auy,(SR)s, nanocluster, only eight of
these configurations are symmetrically inequivalent. These
distinct isomers are illustrated in Fig. S7, and their relative
energies range from 0 to 0.23 eV, indicating a narrow thermo-
dynamic distribution. Fig. 5a presents the most stable config-
uration, where the Cu dopant is substituted into the second
metal layer (core region) of the nanocluster. The lowest-energy
configuration with Cu located in the staple motif is shown in
Fig. 5b, where the Cu atom occupies a site within the tetrameric
staple motif. The energy difference between these two isomers
is only 0.07 eV, suggesting that both configurations are ther-
modynamically accessible and may coexist under experimental
conditions. Given their comparable stability, we investigate the
CO,RR and HER activity of both doped structures. The core-
doped configuration is denoted as Au,,Cu(A), while the staple-
doped configuration is referred to as Auy;Cu(B) in the
following text.

Fig. 6a shows the free energy profiles for CO,RR on the
pristine, -R removed, and -SR removed Au,Cu(A) and
Auy,Cu(B) nanoclusters. For comparison, the profiles for the
undoped Au,,(SR);3, nanocluster are also included. The CO,RR
active sites for Au,;Cu(A) and Auy;Cu(B) are shown in Fig. S4
and S6, respectively. As expected, Cu doping enhances CO,RR
activity in the pristine nanoclusters (red lines in Fig. 6a), which
can be attributed to the stronger binding of carbon-containing
intermediates (*COOH and *CO), consistent with previous
studies indicating that Cu doping generally promotes CO,RR
activity.*>***®* A similar enhancement is observed for the -R

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Catalytically active sites for CO,RR on (a) the fully ligand-protected nanocluster, (b) the —R removed configuration, and (c) the —SR
removed configuration. Au atoms are shown in yellow, S in blue, O in red, C in gray, and H in white.

removed nanoclusters (green lines in Fig. 6a); however, the
underlying mechanism differs. In the undoped -R removed
nanocluster, CO,RR is limited by overly strong binding of
reaction intermediates. Cu doping appears to mitigate this by
weakening the binding strength, likely due to stronger Cu-S
bond compared to Au-S (Fig. S8 and S10), thereby improving
CO,RR activity. Interestingly, Cu doping does not enhance
CO,RR activity in the -SR removed nanoclusters, despite simi-
larly increasing the binding of reaction intermediates. This
unexpected behavior is due to a shift in the PDS: from *COOH
formation in the undoped case to *CO desorption in the Cu-
doped nanoclusters. As a result, stronger *CO binding
hinders CO,RR activity in this configuration.

Fig. 6b presents the HER free energy profiles, and the cor-
responding HER active sites for Auy;Cu (A) and Au,;,Cu (B)
nanoclusters are shown in Fig. S5 and S7, respectively. In the
pristine Au,(SR)3, nanocluster (red lines in Fig. 6b), Cu doping
reduces HER activity due to weaker *H binding, along with the

PDS being *H adsorption. For the -R removed nanocluster
(green lines in Fig. 6b), although *H binding also weakens with
Cu doping, HER activity increases. This is because the PDS in
this case is *H desorption, which is facilitated by the weaker
binding. In contrast, for the -SR removed nanoclusters (blue
lines in Fig. 6b), HER activity is either slightly increased or
decreased by Cu doping, depending on the dopant location.
Overall, Cu doping enhances CO,RR activity while suppressing
HER in both pristine and -R removed nanoclusters. In contrast,
the —SR removed nanoclusters exhibit the opposite trend. These
distinct behaviors arise from the fundamentally different
nature of the active sites (Fig. S4-S7) and the resulting varia-
tions in binding affinities of key reaction intermediates influ-
enced by Cu doping.

In addition to evaluating catalytic activity, we also assessed
the selectivity between CO,RR and HER for the various Auy,-
based nanoclusters. Previous studies have shown that the
difference in limiting potentials for CO,RR and HER correlates

Fig.5 The most stable Cu-doped Au42(SR)s; isomers: (a) core-doped and (b) staple-motif-doped configurations. Au atoms are shown in yellow,

Cu in brown, S in blue, and C in gray.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05852j

Open Access Article. Published on 25 November 2025. Downloaded on 12/9/2025 8:47:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

25

(a)

2.0

1.5

1.0

0.5 4

AG (eV)

0.0

=0.5

=1.0

— Pristine
—— -R removal
— -SR removal

=1.5 4

co, *COOH *Co co
Reaction Coordinate

View Article Online

Paper

AG (eV)

=0.5

— Pristine

—— -R removal

—— -SR removal|

(H*+e) *H Hy
Reaction Coordinate

=1.0
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with selectivity: the most active and selective CO,RR catalysts
typically exhibit a low|U;(CO,)| and a large Ui (CO,) — Ui (H,)
difference.*® Fig. 7a summarizes both the activity and selectivity
for the Auy,-based nanoclusters studied. In this plot, ideal
catalysts appear in the upper right corner, combining high
CO,RR activity with strong selectivity over HER. Among the
undoped Au,,(SR)3, nanoclusters, the -SR removed configura-
tion demonstrates the best performance for CO production. Cu
doping enhances both activity and selectivity in the pristine and
-R removed nanoclusters (indicated by red and green arrows,
respectively), but it diminishes performance in the -SR removed
configuration (blue arrow). These contrasting trends highlight
the importance of considering the precise nature of ligand
removal under operating conditions when interpreting catalytic
behavior and optimizing performance through doping. The
effects of doping can differ significantly between pristine and
ligand-removed nanoclusters.
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To further validate our findings, we experimentally evaluated
the catalytic activity of the Augy,(SR);, nanocluster using
heterogeneous electrochemical analysis. Fig. 7b shows the
linear sweep voltammetry (LSV) data. Compared to the blank,
i.e., without Auy, on the carbon paper electrode, under Ar
purging, the increase in current density toward more negative
potentials arises from HER as water is the only redox active
species to be reduced. In CO,-saturated solution, a sharp
increase in reduction current was observed at lower potentials,
indicating more facile CO, reduction over HER. The experi-
mentally observed onset potentials (—0.54 V for CO,RR and
—0.69 V for HER) closely match the theoretical predictions for
the -SR removed nanocluster, suggesting its relevance under
operando conditions than the pristine and -R removed nano-
clusters. It is also worth noting that the broad shoulder peak at
around —0.4 to —0.6 V range coincides with the thiolate strip-
ping of undoped Au,, characterized experimentally by CV
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(a) Activity vs. selectivity profiles for Aus,-based nanoclusters studied. Arrows show the trend on Cu doping for the pristine (red), —R

removed (green), and —SR removed (blue) nanoclusters. (b) Linear sweep voltammograms of the Au4,(SR)s» assembled on carbon paper as
working electrode in Ar-saturated and CO, saturated electrolyte solution. The grey current curve is recorded without the Aus, NCs but under
otherwise identical conditions. Technical details about the onset potential determination and repeats showing consistency are provided in Sl. For
comparison, the gray dashed line at —0.14 V vs. RHE is added to represent the LUMO position at pH 7.2.
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(Fig. S3), and the predicted HER of -SR removed onset potential.
The low current density may indicate initial or limited active
site(s) formation which require systematic studies underway,
including combining constant-potential simulations with
operando characterizations and product characterization to
clarify the mechanism of ligand removal during catalysis, with
the goal of achieving deeper insight and improved control over
ligand detachment and the formation of active sites in
nanoclusters.

Conclusions

This work reveals the critical influence of ligand dynamics on
the catalytic performance of the rod-shaped Au,,(SR);, nano-
clusters. Our combined theoretical and experimental investi-
gation shows that ligand removal significantly alters the
electronic structure and active sites of the nanocluster, modu-
lating both CO,RR and HER activities. The -SR removed
configuration stands out as the most active and selective for
CO, reduction, attributable to the emergence of under-
coordinated Au sites with optimal binding strengths. Cu
doping is predicted to enhance catalytic performance in pristine
and -R removed nanoclusters but reduces activity in the -SR
removed case due to overly strong *CO binding and a shift in
the potential-determining step. These contrasting trends
emphasize the importance of understanding and controlling
ligand-removal behavior under reaction conditions. Accurately
identifying operando active sites is essential for the rational
design of doped APNCs with high catalytic efficiency and
selectivity for CO,RR.
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