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ABSTRACT: In recent years, copper (Cu) nanoclusters (NCs) have attracted significant
attention for their potential in catalytic applications. However, the inherent high reactivity of
Cu(0) often leads to instability, making it challenging to synthesize stable Cu(0)-based NCs.
As a result, most reported systems are limited to Cu(I)-based NCs, which in turn constrains
their effectiveness and broader applicability in catalysis. Here, we present a synthetic strategy
to fabricate a stable Cu(0)-containing, [Cu23H4(SC7H7)18(PPh3)6] NC, where the Cu(0)
center is atomically protected by two Cu(I)-based Johnson solids and stabilized by the
additional Cu(I) units, thiolate ligands and interstitial hydrides. Although neutral PPh3
ligands are also present, their attachment is positioned away from the Cu(0) center, primarily
serving to stabilize the overall geometry and prevent further structural distortions. This
robust architectural framework enables the NC to maintain exceptional structural stability and catalytic performance in
electrochemical CO2 reduction reactions, facilitating a consistent selectivity for the end product over time. Density functional theory
calculations validate the experimental findings, confirming HCOOH as the preferred product. This preference arises from the lower
limiting potential for *HCOO formation, attributed to its enhanced stabilization through a favorable combination of electronic and
geometric structure�features that clearly distinguish it from Cu(I) NCs.

■ INTRODUCTION
Leveraging the nm-scale size regime and discrete electronic
structure, atomically precise metal nanoclusters (NCs) have
rapidly emerged as a significant area of interest in materials
chemistry research.1,2 Initially, the focus was predominantly on
noble metals, such as gold (Au) and silver (Ag), due to their
favorable properties and relative ease of synthesis.3−6 However,
recent advancements in synthetic methods have expanded the
scope of metal NCs to include elements from the first row of
the transition metals.7 The synthesis of these first-row
transition metal NCs presents unique challenges, particularly
regarding their stability.8−10 These NCs often exhibit higher
reactivity, making them more prone to degradation or
transformation, a characteristic that has historically limited
their practical applications. Nonetheless, with improved
control over reaction conditions and a deeper understanding
of the factors influencing stability, researchers have been able
to produce several types of stable first-row transition metal
NCs. These advancements have not only demonstrated that
stability concerns can be mitigated but also opened up new
avenues for exploring the applications of these NCs. Among
these, Cu NCs have emerged rapidly due to their favorable
catalytic properties.11−19

On the otherhand, the electrochemical reduction of carbon
dioxide (CO2) has gained considerable attention for its
potential to tackle both environmental and energy issues.20−24

Catalysts are essential for increasing the efficiency and
selectivity of this reaction, thereby making it more feasible
for large-scale implementation. Among the various catalysts
studied for this purpose, NC-based catalysts stand out due to
their small size, discrete nature and distinctive electronic
properties.25 Although copper (Cu) NCs are relatively new
compared to their Au and Ag counterparts, they exhibit unique
binding affinities with CO2 and its reductive intermediates,
facilitating the reduction process with a range of end
products.26−30

Although the beneficial effects of Cu NCs as catalysts are
well-recognized, their limited availability and stability hinder
their broader utilization in selective end-product catalytic
reactions. To date, only a small number of Cu NCs have been
identified and used as electrocatalysts for reduction reac-
tions.30−32 Most of these NCs contain only a few Cu atoms,
where the geometric architecture influences the selectivity of
the resulting end products.33−38 For high-nuclearity Cu NCs,
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lattice hydrides play a crucial role in shaping mechanistic
pathways and determining product selectivity.39−42 However,
there is a limited number of studies exploring the catalytic role
of high-nuclearity Cu NCs containing interstitial hydrides.
Therefore, there is a valuable opportunity to explore how this

structural architecture affects the selectivity of different end
products. Another significant concern is the oxidation state of
the metal atoms within these NCs. The literature indicates that
Cu(I) is predominantly present in the structure of Cu NCs
used for CO2 reduction reactions (CO2RR).

30 There is a

Figure 1. Overall structural architecture of Cu23 NC which is formed by fusion of two identical Cu subunits through a Cu atom. Hydrogen atoms
are removed from the ligands for clarity. Color legend: Cu, brown; S, yellow; P, violet; H, white; and C, gray stick. Benzene rings of PPh3 units are
filled with color for easy differentiation.

Figure 2. (a) Bielongated square pyramidal geometry of fused Cu17 which resembles a sand timer, (b) attachment of additional Cu3 units and the
location of the hydrides inside the NC unit, (c) attachment of the thiolate ligands on the NC unit, and (d) attachment of PPh3 ligand on the NC
unit. All the carbon parts and associated hydrogen atoms are removed for the clarity. Color legend: Cu, brown; S, yellow; P, violet; H, white.
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notable scarcity of Cu(0)-containing NCs due to their high
reactivity, which makes their stabilization and utilization as
catalysts during electrochemical processes particularly chal-
lenging. Thus, the presence of Cu(0) in the structure of Cu
NCs thus presents additional difficulties in employing them as
effective catalysts.43−45

In the view of the above-mentioned facts, here we
synthesized [Cu23H4(SC7H7)18(PPh3)6] (Cu23) NC (SC7H7:
p-toluenethiolate) which is constructed by the fusion of two
identical geometric solids through a Cu(0) center. The
distinctive geometric architecture of this NC ensures high
stability, even with the presence of Cu(0), and allows it to be
successfully loaded onto the carbon black (CB) surface
without altering its electronic structure, enabling its use as an
effective electrochemical catalyst. During the electrochemical
process it shows a high selectivity for formic acid (HCOOH)
formation and density functional theory (DFT) calculations
further confirm the selectivity by identifying the active catalytic
site and elucidating the CO2 reduction mechanism.

■ RESULTS AND DISCUSSION
The synthesis of Cu23 NC was carried out using a [BH4]−

reduction approach. Initially, the [Cu(CH3CN)4BF4] precur-
sor was treated with PPh3 and p-toluenethiol in a mixture of
acetonitrile and chloroform. Reduction was then achieved by
adding methanolic solution of NaBH4 in ice cold condition.
The final product was extracted in chloroform, from which
yellow, rod-shaped crystals were obtained through liquid−
liquid diffusion with n-hexane. The detail synthetic process is
explained in Supporting Information file. Single crystal X-ray
diffraction (SCXRD) analysis provided detailed structural
insights of the obtained crystals. The results reveal that this
NC crystallizes within a triclinic crystal system, specifically
adopting the space group P-1 (No. 2) (Table S1). A thorough
structural analysis reveals an unconventional arrangement of
Cu atoms and ligands, highlighting a configuration that departs
from the typical core−shell architecture. Rather than forming a
single-core structure, this NC is composed of two fused
[Cu12H2(SC7H7)7(PPh3)3] subunits, resulting in a distinctive
dimeric assembly (Figure 1). This fusion process is mediated
by the strategic sharing of a single Cu atom positioned at a
vertex, along with four additional thiolate ligands, between the
two subunits. Nine Cu atoms within each subunit adopt
elongated square pyramidal geometries, classified as a Johnson
solid (specifically J8) (Figure S1).46 The apex Cu atoms from
the pentagonal bases contribute to the fusion, creating a
bielongated square pyramidal geometry of 17 Cu atoms,
resembling a sand timer with two elongated square pyramids
sharing a common base (Figure 2a). However, here each
elongated square pyramid geometry shows significant dis-
tortion in the arrangement of Cu atoms in the cubic portion
(Figure S2). Disordered positioning of the two vertex Cu
atoms distorts the four connected facets, resulting in overall
structural distortion. The average Cu−Cu distance in the
regular facets is 2.6697 ± 0.0153 Å, indicating strong
cuprophilic interactions (Figure S3).43 In contrast, the
irregular facets show an increased average distance of 3.1354
± 0.0694 Å due to disordered arrangements, causing outward
displacement of Cu atoms. Detailed analysis shows that the
regular facets remain ordered, supported by additional Cu
atoms, with one facet forming the pentagonal base. The other
facet is stabilized by the attachment of antenna-like Cu3 units,
which form triangular prism-like geometries (Figure 2b). The

average distance between the Cu atoms in this antenna-like
Cu3 unit is 2.6572 ± 0.0292 Å, and it maintains an average
distance of 2.7117 ± 0.0435 Å from the cubic facet, both
indicative of strong cuprophilic interactions. These precise
measurements suggest robust interactions that contribute to
the structural integrity of the facet. Conversely, the absence of
these stabilizing Cu3 units on the opposite facet results in a
lack of structural support, causing the Cu atoms to be arranged
in a disordered manner. So, the presence of the Cu3 units is
thus crucial for maintaining the ordered structure and
preventing the deformation observed in the absence of these
units.

The overall metallic architecture is protected by four hydride
atoms, 18 thiolate ligands, and six triphenylphosphine ligands.
The hydride atoms are integrated within the metallic
framework, attaching specifically to the regular facets of the
cubic structures (Figure 2b). These hydrides play a critical role
in stabilizing the metallic core by reinforcing the interactions
between the Cu atoms, thereby maintaining the integrity of the
ordered configuration. The quantitative and qualitative analysis
of hydrides is further verified through electrospray ionization
mass spectrometry (ESI-MS) and 1H NMR studies, which will
be discussed later. Furthermore, we employed a deep-learning
approach based on a convolutional neural network (CNN) to
predict hydride-site probabilities using the heavy-atom
positions from SCXRD as input.47 As shown in Figure S4,
four sites exhibit nearly 100% occupancy, and their positions,
as predicted by the CNN (Figure S4 inset), align with those
fixed in the SCXRD data. The 18 thiolate ligands are
strategically positioned around the metallic architecture,
providing additional stabilization and preventing aggregation
by forming a protective layer around the metal atoms. The
Cu−S bond lengths range from 2.2183 to 2.4402 Å, with an
average of 2.3157 ± 0.0168 Å. The thiolate ligands exhibit
specific coordination modes, categorized into four subcatego-
ries (Figures 2c and S5). Four thiolate ligands stabilize the
fused structural architecture by exhibiting a μ3 bridging mode,
each bridging two Cu atoms from the two elongated square
pyramids and another Cu atom from the Cu3 unit. This
attachment restricts the structure to a core−shell configuration,
forming a Cu9 geometry that favors a body-centered cubic
architecture. Meanwhile, the other eight thiolate ligands
protect the four open faces of each cube within the elongated
square pyramid geometry, exhibiting a μ4 bridging mode and
coordinating with the constituent Cu atoms. Another set of
four thiolate ligands connects each Cu3 unit to the elongated
square pyramids through a μ3 bridging mode. The final two
thiolate ligands exhibit a μ2 bridging mode, linking exclusively
to the Cu3 unit. The triphenylphosphine ligands are attached
to the outward-oriented Cu atoms (Figure 2d). The Cu−P
bond lengths range from 2.2045 to 2.2176 Å, with an average
of 2.2113 ± 0.0031 Å. Specifically, four triphenylphosphine
units are attached to the four distorted Cu atoms that extend
outward from the elongated square pyramid geometry. The
remaining two triphenylphosphine units are attached to the
Cu3 units, further stabilizing the structure. The atomic packing
is facilitated by efficient intermolecular C−H−π and π−π
interactions between the outer surfaces of the protecting
ligands (Figure S6). These interactions contribute to the
overall stability and robustness of the metallic architecture.
Furthermore, the absence of counterions in the unit cell
indicates that the Cu23 NC is neutral in charge.
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The overall charge state and molecular formula of Cu23 NC
were further confirmed by ESI-MS. In the positive mode ESI-
MS spectrum, a single molecular ion peak was observed at m/z
= 5257.49 (Figure 3a). This peak matches exactly with the
simulated pattern of [Cu23 + H+], where the isotropic pattern
confirms its monocationic charge state, indicating fragmenta-
tion during ionization via protonation. Although SCXRD
measurements confirmed the number of hydrides, ESI-MS
measurements provided additional confirmation of their
presence. To gain deeper insights into the source of these
hydrides, we utilized NaBD4 as the reducing agent, replacing
NaBH4, and synthesized [Cu23D4(SC7H7)18(PPh3)6] (Cu23D)
NC. In the ESI-MS spectrum of this deuterated NC, a peak
was observed at m/z = 5261.42 (Figure 3b inset). This peak
displayed a prominent upshift of approximately 3.93 m/z
compared to the Cu23 NC, confirming the successful
replacement of hydrides with deuteride atoms. The compar-
ison of 1H NMR peaks between Cu23 and Cu23D NCs reveals

the presence of two distinct types of hydrides in the structure
(Figure S7).

In the bulk state, the survey spectrum obtained from X-ray
photoelectron spectroscopy (XPS) confirms the presence of all
constituent elements in Cu23 NC (Figure S8). The high-
resolution binding energy spectrum further reveals that Cu
exists in the +1-oxidation state, while the thiolate ligands are in
the −1-oxidation state (Figure S9). Given the neutral charge
state of the NC, one Cu atom must be in the 0-oxidation state.
However, distinguishing Cu(0) from Cu(I) in the XPS binding
energy spectrum is not possible.45 This differentiation is
achieved using X-ray excited Cu LMM auger electron
spectroscopy (XAES), which shows peaks at 915.9 and 919.0
eV, corresponding to Cu(I) and Cu(0), respectively, in the
Gaussian−Lorentzian band (Figure 3c).48 An additional
Gaussian−Lorentzian band with a peak position at ∼ 911 eV
was considered to eliminate the effect of other orbital electrons
on the XAES, which appeared as a shoulder peak (Figure 3c).

Figure 3. (a) Positive mode ESI mass spectra of Cu23 NC. Inset is showing the matching of experimental and simulated peak of Cu23 NC. (b) ESI-
MS spectra of Cu23D NC and the difference between Cu23 NC and Cu23D NC. (c) Deconvoluted Cu LMM XAES spectrum of Cu23 NC. (d) EPR
spectrum of Cu23 NC.
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To further verify the presence of an unpaired electron, electron
paramagnetic resonance (EPR) spectroscopy was conducted at
77 K. The EPR spectrum exhibited an isotropic signal with a g-
value of 2.09 (Figure 3d). This isotropic pattern indicates the
symmetric positioning of the Cu(0) atom, suggesting it resides
at the fused center, the only symmetric position within the NC
unit. Further validation comes from theoretical approximation
supporting the presence of the Cu(0) atom at the fused center
of the NC by both spin density and partial atomic charge
calculation. We have observed the highest spin density and
least positive charge for the fused center of the NC (Figure
S10).
The Cu23 NC exhibits a monotonic decrease in the UV−vis

absorbance spectrum in the solvent medium, with a small
shoulder band in the ∼ 400−450 nm region, closely matching
the simulated spectrum (Figure S11). Further analysis of the
absorption band suggests a transition from an orbital localized
at the two ends of the cluster to a superatomic 1P-like orbital.
However, at room temperature we could not detect any

luminescence property of it. In this work, we aim to explore the
potential of a uniquely designed Cu23 NC as a catalyst for
CO2RR. To perform the electrochemical measurements, a thin
film electrode was fabricated using a spray coating technique.
This involved depositing a slurry of the Cu23 NCs and CB onto
a carbon paper substrate (see the details in Supporting
Information). It is crucial to maintain the geometric and
electronic structure of the NCs during this loading process to
preserve their electrocatalytic properties. The stability of the
Cu23 NCs during this process was assessed using X-ray
absorption fine structure (XAFS) spectroscopy. The X-ray
absorption near-edge structure (XANES) spectra at the Cu K-
edge for both the pristine Cu23 NC and the loaded catalysts
(Cu23/CB) showed significant overlap, indicating no notable
changes in their electronic states (Figure S12). Both samples
displayed a peak ∼ 8992 eV, confirming the presence of a
mixture of Cu(I) and Cu(0) species, as this peak lies between
the characteristic energies of Cu(0) and Cu(I) species. Further
insights were gained from the Fourier transform-extended X-

Figure 4. (a) FT-EXAFS spectra comparison of Cu23 NC before and after loading on CB, TEM images and the size histogram of (b) only Cu23 NC
and (c) Cu23/CB, (red circles are directing the NCs) (d) FE for CO2 reduction products for Cu23/CB at different applied potentials, error bars
representing the mean ± standard deviation, n = 3, (e) and total current density (jAll) for Cu23/CB at different applied potentials.
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ray absorption fine structure (FT-EXAFS) spectra at the Cu K-
edge. The spectra revealed a similar geometric arrangement in
both the pristine and loaded catalysts, with an identical peak
observed at ∼ 1.8 Å, which is attributed to Cu−P or Cu−S
bonding (Figure 4a). Further transmission electron micro-
scopic (TEM) images confirm the discrete nature of the Cu23
NCs and its consistent size even after loading on the CB
surface (Figures 4b,c and S13). This consistent structural
feature underscores the preservation of the Cu23 NC’s
structural integrity during the electrode fabrication process,
crucial for its performance as a CO2RR catalyst.
The electrochemical performance of Cu23/CB was thor-

oughly evaluated across a range of constant voltages,
specifically from −0.6 to −1.4 V vs. the reversible hydrogen
electrode (RHE). This evaluation was conducted using CO2-
saturated 0.1 M KHCO3 aqueous solution as the electrolyte
within a gas-flow H-type cell setup. Following the electro-
chemical testing, an in-depth analysis was performed utilizing
gas chromatography (GC) and 1H NMR to characterize the
gas and liquid products, respectively. Our results indicated that
hydrogen (H2), carbon monoxide (CO), and HCOOH were
the products generated during the CO2RR (Figures 4d and
S14). To verify that these products originated from the flowing
CO2, a control experiment was carried out using constant-
potential electrolysis in an argon (Ar) atmosphere instead of
CO2. The absence of CO2RR products at all tested potentials
in the Ar atmosphere confirmed that the detected products
were indeed derived from CO2 and not from any other source
(Figure S15). A control experiment was also conducted on the
CB surface without the catalyst as shown in Figure S16. The
Faradaic efficiency (FE) data demonstrated a significant
increase in total efficiency with increasing potential, rising

from 8% at −0.6 V to 74% at −1.4 V (vs. RHE) (Figure 4d)
upon introducing the catalyst onto the CB surface. Initially, at
−0.6 V, no CO2RR products were obtained. The formation of
HCOOH and a small amount of CO was first observed at −0.8
V (vs. RHE). As the potential became more negative (from
−1.0 to −1.4 V vs. RHE), the selectivity for HCOOH
increased significantly, reaching saturation (FEHCOOH ∼ 26%)
at −1.2 V (vs. RHE), where hydrogen evolution reaction
(HER) was nearly at constant. Beyond −1.2 V vs. RHE, the
formation of CO increases with more negative potential while
the HER and FEHCOOH remain nearly constant. This suggests
that, at potentials more negative than −1.2 V vs. RHE, the
catalytic surface reaches a steady-state regime for HCOOH
and H2 production, while CO formation continues to be
activated or kinetically favored. The product-specific current
densities exhibit a corresponding trend, as shown in Figure
S17. At −1.2 V vs. RHE, the estimated turnover frequencies
(TOFs) provide further insight into the product selectivity and
intrinsic catalytic activity for this NC. The TOF for HCOOH
formation reaches 113.4 h−1, indicating a significantly higher
rate of product generation per active site compared to CO
formation, which exhibits a much lower TOF of only 6.54 h−1.
This behavior is also reflected in the associated Tafel plots
(Figure S18), which illustrate the kinetic response of each
product pathway to the applied potential. The Tafel slope for
HCOOH is relatively low, indicative of a faster electron
transfer or chemical step under moderate overpotentials.

To compare the electrocatalytic performance of Cu23 NC,
we synthesized Cu nanoparticles (NPs) via a calcination
process using a similar precursor salt, yielding an average
particle size of ∼ 30 nm, as confirmed by TEM (Figure S19).
The electrocatalytic behavior of these Cu NPs was investigated

Figure 5. (a) H adsorption at the active site, (b) DFT-optimized adsorption geometries of reactant, intermediate, and product at the active site of
the NC where two main pathways are involved, (c) DFT-computed energy profiles of the associated pathways. All the carbon parts and associated
hydrogen atoms are removed from the NC for the clarity of the figure. Color legend: Cu, brown; S, yellow; P, violet; O, red; C, gray; H, white.
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using linear sweep voltammetry (LSV) and cyclic voltammetry
(CV), both of which exhibited higher reduction currents
compared to Cu23 NC (Figure S20). However, FE analysis
revealed that these higher reduction currents were mainly due
to uncontrolled competing HER (FEH2∼80%) at −1.0 V (vs.
RHE) (Figure S21). The specificities of FEHCOOH ∼ 8% and
FECO ∼ 6% for Cu NPs highlight the superior selectivity of
Cu23 NCs for HCOOH formation. The HCOOH selectivity of
Cu23 NC was further compared with several other Cu NCs
synthesized using a similar Cu precursor salt (Table S2). While
a general trend of increased catalytic reactivity with decreasing
NC size was observed, the correlation was not entirely linear.
This suggests that structural/electronic architecture plays a
significant role in determining product selectivity, likely due to
its influence on the stabilization of key reaction intermediates.
To evaluate the stability of the material under the applied

electrochemical conditions, we identified the constant current
densities at each voltage for 1 h duration (Figure 4e).
Chronoamperometric measurements were then conducted at
−1.0 V (vs. RHE) for a period of 6 h to determine the
material’s practical applicability (Figure S22). Notably, the
current density remained stable over this extended period,
showing no discernible degradation. Following this prolonged
electrochemical catalysis, we further assessed the stability of
the Cu23 NCs outside the electrochemical environment after
electrocatalysis. TEM images confirmed the structural integrity
of the NCs, evidenced by the consistent size of the individual
NCs (Figure S23). The Cu K-edge XANES spectra exhibited
no significant changes in spectral features compared to those
before catalysis, indicating that the electronic structure retains
the Cu(I)/Cu(0) configuration (Figure S24). Similarly, the
FT-EXAFS spectra for Cu−S(P) bonds suggest that the
qualitative coordination environment of Cu remains un-
changed (Figure S25). XPS studies further confirm that the
oxidation state of the metal atoms is preserved (Figures S26
and S27). However, discrepancies were observed in the P 2p
peaks before and after the electrocatalytic reaction, compared
to the bare NC (Figure S28). We attribute this to interactions
with the conductive substrate, leading to the partial removal of
PPh3 ligands from the NC surface during electrocatalysis. This
assumption is supported by Fourier-transform infrared (FT-
IR) analysis, which reveals an intense O = P stretching
frequency in the postcatalysis sample (Figure S29). Never-
theless, due to the neutral nature of the PPh3 ligand, the overall
electronic structure of the cluster remains unchanged. Thus,
this desorption occurs during the electrochemical process,
leading to some current loss, which prevents the overall FE
from reaching its optimal level.
To gain deeper insight into the mechanistic pathway, we

carried out DFT modeling and found that the antenna-like Cu3
units to both sides of the overall geometry forms hollow,
triangular prism-like sites (Figure 2b), which are favorable for
H adsorption due to its least hindered position by the nearby S
atoms and the associated thiolate groups (Eads = −0.89 eV;
Figure 5a) (Figure S30). This aligns with the cluster’s
preference for HER at low overpotentials. Additionally, we
identified this site as the active center for CO2RR as well
(Figure 5b), likely due to the extra partial valences of the
associated Cu atoms, making them less positively charged or
more reduced (Figure S8). While the central Cu atom is the
most reduced, it is buried and inaccessible for direct adsorbate
interaction. We investigated the two main CO2RR pathways on
the Cu23 NC, leading separately to HCOOH and CO. As

shown in Figure 5, the hollow triangular prism-like site is active
for CO2RR, with *COOH and *HCOO preferring adsorption
at this location (Figure 5b). The energy profiles (Figure 5c)
suggest that the *HCOO pathway is more favorable, showing
stronger intermediate adsorption and a lower limiting potential
(0.46 eV from *HCOO to *HCOOH vs 0.60 eV from
*COOH to *CO). The preference for *HCOO over *COOH
can be further explained by the carbonyl oxygen atom in
HCOO bridging two more reduced Cu atoms (Figure 5b).
These theoretical findings are in strong agreement with
experimental observations, reinforcing the conclusion that
Cu23 NCs exhibit a higher selectivity toward HCOOH
formation over CO. Furthermore, to benchmark the CO2RR
efficiency of Cu23 NCs against only Cu(I)-based NCs, we
conducted a comparative computational analysis with
[Cu14(SR)3(PR3)7H10]+ (Cu14) and [Cu7(SR)7(PR3)3] (Cu7)
NCs (for computational efficiency, -R groups were simplified
to -H), both of which also facilitate the reduction of CO2 to
HCOOH.38,49 Notably, we observed distinct differences in the
potential-limiting steps across these NCs, which can be
attributed to variations in intermediate stabilization at the
catalytic sites. In Cu14 and Cu7 NCs, where Cu(I) exclusively
constitutes the whole NC, the potential-limiting step
corresponds to the activation of *CO2 to *HCOO (Figure
S31) which is also align with the literature.33 This is due to the
weaker interaction of *HCOO with the clusters, leading to a
higher activation energy for this step. In contrast, in Cu23 NCs,
the presence of both Cu(0) and a free electron significantly
enhances the stabilization of *HCOO. As a result, the
potential-limiting step shifts to the subsequent reduction of
*HCOO to *HCOOH. Thus, the favorable electronic and
geometric effect in Cu23 NCs underscores its critical role in
modulating CO2RR pathways and product selectivity.

■ CONCLUSIONS
In conclusion, we reported an atomically precise Cu23 NC
uniquely formed by the integration of two similar Cu(I)
subunits through a central Cu(0) atom. This distinct structural
architecture, along with the specific arrangement of the
protecting ligands, ensures the electronic and geometric
stability of the NC despite the presence of a highly reactive
Cu(0) center. We leveraged this remarkable stability to
evaluate the electrocatalytic properties of the Cu23 NC in the
CO2RR when supported on the CB surface. Our results
demonstrate that the Cu23 NC exhibits selective production of
HCOOH, achieving a maximum FEHCOOH of ∼ 26% at an
applied potential of −1.2 V (vs. RHE). DFT computation
explained the selectivity of this specific product through
stronger intermediate adsorption and lower limiting potential
values on the Cu(0)-containing Cu23 NC than on similar-sized
Cu(I) NCs. Despite some loss of neutral ligands during the
prolonged electrochemical process, the overall stable electronic
environment of the metallic architecture underscores the
importance of this structural arrangement.
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