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Size-Dependency of Electrochemically Grown Copper
Nanoclusters Derived from Single Copper Atoms for the CO
Reduction Reaction

Keitaro Ohashi,” Kosei Nishimura,” Kaito Nagita,”” Takuya Hashimoto,” Shoko Nakahata,™

Takashi Harada,” Toshiaki Ina,”™ Shuji Nakanishi,*® 9 and Kazuhide Kamiya*™ 9

Electrochemically grown copper nanoclusters (CuNCs: <3 nm)
from single-atom catalysts have recently attracted intensive
attention as electrocatalysts for CO, and CO reduction reaction
(CO,RR/CORR) because they exhibit distinct product selectivity
compared with conventional Cu nanoparticles (typically larger
than 10nm). Herein, we conducted a detailed investigation into
the size dependence of CuNCs on selectivity for multicarbon
(C,,) production in CORR. These nanoclusters were electro-
chemically grown from single Cu atoms dispersed on covalent
triazine frameworks (Cu-CTFs). Operando X-ray absorption fine
structure analysis revealed that Cu-CTFs containing 1.21 wt%

Introduction

Excessive CO, emissions associated with the use of fossil fuels
pose a substantial threat to the sustainable development of our
society; hence, developing technologies that utilize CO, as an
alternative carbon feedstock is crucial’™ The electrochemical
conversion of CO, into valuable fuels and chemical feedstocks is
a promising approach to address the challenges of the carbon
cycle® However, for widespread societal implementation,
improving various properties, such as product value, selectivity,
reaction rate, and durability, is essential.®'® In particular,
generating high-value multicarbon (C,,) products such as
ethylene, ethanol, and acetate for use as sustainable fuels and
renewable feedstocks of carbon-based fine chemicals is highly
desirable. Cu-based metal catalysts are well known for their

[a] Research Center for Solar Energy Chemistry, Graduate School of Engineering
Science, Osaka University, Toyonaka, Osaka, Japan

[b] Japan Synchrotron Radiation Research Institute (JASRI/SPring-8), Sayo-gun,

Hyogo, Japan

Innovative Catalysis Science Division, Institute for Open and Transdiscipli-

nary Research Initiatives (ICS-OTRI), Osaka University, Suita, Osaka, Japan

[c

Correspondence: Prof. Dr. Shuji Nakanishi and Prof. Dr. Kazuhide Kamiya,
Research Center for Solar Energy Chemistry, Graduate School of Engineering
Science, Osaka University, Toyonaka 560-8531, Osaka, Japan.

Email: nakanishi.shuji.es@osaka-u.ac.jp and
kamiya.kazuhide.es@osaka-u.ac.jp

B Supporting Information for this article is available on the WWW under
https://doi.org/10.1002/cssc.202402576
© © 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

ChemSusChem 2025, €202402576 (1 of 8)

and 0.41wt% Cu (Cu(h)-CTFs and Cu(l)-CTFs, respectively)
formed CuNCs of 2.0 and 1.1 nm, respectively, at —1.0 V vs. RHE.
The selectivity for CORR products was particularly dependent
on the size of CuNCs, with the Faraday efficiencies of C,,
products being 52.3% and 32.7% at —1.0 V vs. RHE with Cu(h)-
CTFs and Cu(l)-CTFs, respectively. Spherical CuNCs modeling
revealed that larger cluster sizes led to a greater proportion of a
surface coordination number (SCN) of 8 or 9. Density functional
calculations revealed that the CO dimerization reaction was
more likely to proceed at SCNs of 8 or 9 compared to SCN of 7
because of the stability of the *OCCO intermediate.

efficiency in producing C,, products though the dimerization
of intermediate CO.""™'¥ Consequently, numerous studies have
focused on developing highly active and selective Cu-based
CO, reduction reaction (CO,RR) catalysts.

Single-atom Cu electrocatalysts have attracted significant
attention because of their efficient and unique organic
production activity, compared to conventional Cu nanoparticle
(CuNPs) electrocatalysts larger than 10 nm.[">"'¥ Initially, single
Cu atoms were believed to serve as the main active sites in
these catalysts. Nevertheless, recent reports have demonstrated,
with increasing consensus, that electrochemically in-situ-pre-
pared Cu nanoclusters (CuNCs) derived from these single Cu
atoms are responsible for the reduction of CO, to organics.?>2
Wang and colleagues have reported that the CuNCs derived
from Cu(ll) phthalocyanine achieved a CH, Faradaic efficiency
(FE) of 66%.%" They used X-ray absorption spectroscopy (XAS)
analysis to confirm that <2 nm Cu clusters were formed during
CO, electroreduction. The CuNCs derived from copper-nitrogen-
doped carbon (Cu—N—C) were active centers for the CO,RR
toward ethanol, with a Faradaic yield as high as 55%, and for
the CO reduction reaction (CORR) toward C, products, with a
Faradaic yield of 80%. Cuenya and coauthors recently con-
ducted a detailed investigation of metal-nitrogen-doped carbon
(M—N—C: M=Fe, Sn, Cu, Co, Ni, Zn) using operando X-ray
absorption fine structure (XAFS) spectroscopy to examine
changes in the active centers during the CO,RR*” They found
that all of their investigated catalysts except Ni-N—C reversibly
formed metal clusters during the CO,RR and that the CuNCs
derived from Cu—N—C exhibited poor CO,RR activity in their
studies. Thus, the activity and selectivity of SAC-derived CuNCs
vary dramatically across different studies.

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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We assume that the variation in activity arose from differ-
ences in the sizes of SAC-derived CuNCs. For example, Strasser
and coworkers investigated the particle size dependence of the
CO,RR activity of CuNPs in the size range of 2-15 nm and found
that smaller particles exhibited higher formation rate for H, and
CO.™ On the other hand, the size of SAC-derived CuNCs is
expected to range from around 0.5 nm to at most 3 nm, which
falls within a smaller size range than that of the CuNPs reported
in the previous study. The formation of stable CuNCs is
challenging, and these clusters are prone to structural changes
during electrolysis. To gain deeper insights into C,, production
on SAC-derived CuNGs, it is essential to more thoroughly and
systematically investigate their size-dependent activity under
electrochemical conditions using operando techniques.

Toward that end, in the present work, we used single Cu-
modified covalent triazine frameworks (CTFs) as the precursor
for the CuNGCs. Our group has demonstrated that metal
modified CTFs (M-CTFs) serve as selective SACs for various
reactions.”*=% For example, Ni- and Sn-doped CTFs have proven
to be effective electrocatalysts for the CO,RR to CO and HCOOH,
respectively.® Because metals can be loaded onto CTFs under
ambient conditions without the need for high-temperature
heat treatments, as required for M—N—C catalysts, the metal
loading amounts in CTFs can be easily controlled. Moreover, the
coordination structure of the SACs is expected to be relatively
uniform. Additionally, as the CTFs support remains identical
while only the metal concentration is varied, structural changes
at the three-phase interface that serve as the reaction site for
gaseous substrates are expected to be minimized. In the
present study, we used operando XAFS to investigate the size of
CuNCs derived from CTFs doped with desired amounts of Cu
atoms and compared their size and reduction activity toward
CO, which is a key intermediate in the production of C,. from
CO,. In addition, we modeled the surface structure of CuNCs on
the basis of their size and theoretically calculated their activity
for C—C bond formation.

Results and Discussion
Characterization of Cu-CTFs

CTFs were prepared by polymerizing 2,6-dicyanopyridine in
molten ZnCl, containing carbon nanoparticles, as reported in
our previous paper.”” We incorporated Cu atoms into the CTFs
by impregnating the obtained CTFs in Cu®" solutions (Fig-
ure 1a). Various Cu-CTFs with different Cu mass concentrations
(Cu(h)-CTFs: 1.21 wt,%, Cu(m)-CTFs: 0.74 wt,%, and Cu(l)-
CTFs: 0.41 wt, %) were synthesized by adjusting the concen-
tration of Cu*" ions in the impregnation solution to 1.0, 0.4, and
0.2 mM, respectively. Table ST lists the surface elemental
composition of each Cu-CTF, as determined by X-ray photo-
electron spectroscopy (XPS).

To evaluate whether Cu atoms are singly modified on the
CTFs, we carried out high-resolution transmission electron
microscopy (HR-TEM) (Figure S1). The primary particles of CTFs
were ~40 nm and agglomerated to form secondary particles.
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Figure 1. (a) Schematic of as-prepared Cu-CTFs hybridized with carbon
nanoparticles. (b) Representative HAADF-STEM images of Cu(h)-CTFs and
corresponding elemental mapping images for C, N, and Cu atoms. (c) The k*-
weighted FT-EXAFS and (d) XANES spectra of as-prepared Cu(h)-CTFs and
reference samples.

No visible black spots, typically attributed to Cu particles, were
observed. In addition, high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) inspections
with elemental mapping images show that Cu atoms were
homogenously dispersed on the platform (Figures 1b, S2, and
S3). To finely explore the structure and coordination environ-
ment of the Cu-CTFs, we performed a Fourier transform of the
k*-weighted extended X-ray absorption fine structure (FT-
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EXAFS) (Figures 1c and S4a). The peaks assignable to Cu—Cu
(2.2 A) or Cu—O—Cu (2.5 A) were negligible, and only the peak
derived from the first coordination sphere composed of light
elements (Cu—N or Cu—0: 1.5 A) was clearly observed. Overall,
these evaluations indicate that Cu atoms were dispersed on the
CTFs in a single state. The valence state of the Cu on the CTFs
was investigated using X-ray absorption near edge structure
(XANES) (Figures 1d and S4b) and X-ray photoelectron spectro-
scopy (XPS) (Figure S5). The Cu—K edge XANES spectra con-
firmed that the adsorption edge of the Cu-CTFs coincide with
that of Cu®" reference materials. We confirmed the specific
satellite peaks of Cu>* from the Cu 2p XPS spectra. Specifically,
singly isolated Cu(ll) atoms were dispersed on the CTFs. Field-
emission scanning electron microscopy (FE-SEM) was performed
to assess the morphological properties of the Cu-CTFs depos-
ited onto a gas diffusion electrode (GDE) (Figure S6). A cross-
sectional SEM image revealed that the catalyst layer on the
microporous layer was approximately less than 0.5 um thick.

Operando XAFS Analysis

In the previous section, we confirmed that most of the Cu
atoms were singly dispersed on the as-prepared Cu-CTFs.
However, single-Cu-atom structures can aggregate, and such
aggregates could potentially function as active centers during
the CORR. Thus, before conducting the CORR test, we used
operando XAFS to investigate the local structure of Cu atoms in
Cu-CTFs under a negative potential in the presence of CO. For
the operando XAFS measurements during gaseous CO electrol-
ysis, a handmade three-chamber electrochemical cell was
constructed, with two of the electrolyte compartments sepa-
rated by Nafion (Figure S7). The gas chamber was sealed with
Kapton tape, and X-rays were introduced through its window to
the backside of the GDE to observe fluorescence X-rays. The
changes in the EXAFS spectra stagnated 20 minutes after the
potential was applied (Figure S8). Therefore, the following
operando XAFS data were obtained 20 minutes after the start of
electrolysis.

The XANES and EXAFS analysis results for each Cu-CTFs are
shown in Figures S9 and 2a-c, respectively. Prior to applying
the cathodic potential (i.e., under open-circuit potential (OCP)
conditions), we confirmed that Cu existed primarily in the
divalent state. In addition, we confirmed that Cu was in a single
atomic state in all of the samples. Under —0.6 V vs. reversible
hydrogen electrode (RHE), the Cu(ll) was reduced to Cu(0) and a
peak corresponding to Cu—Cu bonding was observed in the
EXAFS spectrum (Figure 2a). Moreover, as a more negative
potential was applied (i.e., from —0.6V to —1.2V vs. RHE), the
intensity of the Cu—Cu peak increased. A similar trend was
observed under an Ar atmosphere as under the CO atmosphere
(Figure S10). Similar to our observations of the Cu(h)-CTFs, we
observed that single Cu(ll) sites were reduced to Cu(0) and that
Cu aggregation grown from —0.6V to —1.2V vs. RHE for the
Cu(m)-CTFs and Cu(l)-CTFs, respectively (Figures 2b and 2c). In
the spectra of all of the investigated Cu-CTFs, the Cu—N bond
peak almost disappeared. The Cu—Cu coordination numbers
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Figure 2. The k>-weighted FT-EXAFS spectra under applied potentials from
—0.6 Vto —1.2 V vs. RHE and at OCP with (a) Cu(h)-CTFs, (b) Cu(m)-CTFs, and
(c) Cu(l)-CTFs. (d) CuNCs size predicted on the basis of the coordination
numbers obtained from FT-EXAFS results, plotted against the potential.

obtained from EXAFS spectra at each potential for each Cu-CTF
are shown in Table S2. The Cu(h)-CTFs at —1.0 V vs. RHE were
found to have a Cu—Cu coordination number of 9.7, whereas
the Cu(l)-CTFs at —0.6 V vs. RHE had a coordination number of
5.8.

To estimate the size of the generated Cu clusters, we first
modeled the clusters and calculated their corresponding
coordination numbers (Figure S11; see Experimental section for
details). The experimentally obtained coordination numbers
were then incorporated into the fitting-curve equation to
determine cluster sizes (Figures 2d and S12~S14). The fitting
analyses showed that the Cu clusters derived from single Cu
atoms grew larger as increasingly negative potentials were
applied. Among the three Cu-CTFs, the Cu(h)-CTFs consistently
formed the largest Cu clusters at each potential. Notably, at
—1.0V vs. RHE, Cu(h)-CTFs produced Cu clusters with a size of
2.0 nm, which is 1.8 times larger than those formed by the
Cu()-CTFs (1.1 nm). The observed sizes of CuNCs should not be
assumed to represent the thermodynamically most stable
phase. Rather, they reflect the cluster sizes present during
electrolysis. The limited growth of the clusters may be
attributed to the low density of Cu atoms, which likely imposes
kinetic limitations on further size expansion.

Intriguingly, when the OCP measurements were performed
in air after electrolysis, the Cu—Cu peaks disappeared, indicating
that CuNCs are unstable under OCP conditions (Figure S15).
This observation aligns with the previously reported
literature.?” Detailed structural analyses of the Cu-CTFs after
electrolysis are planned for future investigations.

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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CO Electrolysis Performance on CuNCs

We attempted to experimentally determine the CORR activity
depending on the size of Cu clusters on the CTFs. Cyclic
voltammetry (CV) measurements were conducted under both
CO and Ar atmospheres (Figure S16). The onset potential was
approximately —0.7 V vs. RHE for the bare CTFs, whereas it was
—0.5V vs. RHE for the Cu(h)-CTFs. Under Ar conditions, the
current density at —1.2V vs. RHE was 25 mA/cm? for the CTFs
and 115 mA/cm? for the Cu(h)-CTFs. The reduction current of
the Cu(h)-CTFs decreased upon CO addition, indicating that
adsorbed CO suppressed the hydrogen evolution reaction
(HER).

The CORR products in outlet gas streams from the gas
chamber and electrolytes from the catholyte compartment
were analyzed using gas chromatography (GC) (Figure S17) and
'H nuclear magnetic resonance (NMR) spectroscopy (Figure S18)
after constant-potential electrolysis, respectively. From Fig-
ure 3a, we obtained the FE of the CORR under a cathodic
potential ranging from —0.6 V to —1.2 V vs. RHE in 1 M KOH for
the Cu(h)-CTFs. The total FE for C,, products at —1.0 V vs. RHE
was 50.7 %, with specific FE values of 22.0%, 2.5%, 10.4%, and
15.8%, for acetate, n-propanol, ethanol, and ethylene, respec-
tively. By contrast, the FE for the C, product (methane) was
2.9%. When the applied potential was shifted from —1.0V to
—1.2V vs. RHE, the FE,, decreased from 50.7% to 41.6% and
the FE¢, increased from 2.9% to 10.0%. As discussed in the
previous section, the size of the Cu clusters grown under
cathodic potential varied depending on the degree of Cu
modification on the substrates. To assess the potential effect of
cluster size on the CORR activity, we conducted similar experi-
ments using the Cu(m)-CTFs and Cu(l)-CTFs (Figures 3b, c and

(a) (b)

—_
o
o
—_
o
o

$19). The FE., . values were 40.2% for the Cu(m)-CTFs and
32.7% for the Cu(l)-CTFs at —1.0 V vs. RHE, both of which were
lower than the value for the Cu(h)-CTFs. The FE.. values
consistently increased with higher Cu loadings across all of the
examined potentials, not just at —1.0 V vs. RHE. As shown in
Figure S20, the onset potentials for C,, and C, production were
around —0.6 V and —0.7 V, respectively, and these values were
independent of the catalyst used.

To further confirm the selectivity of C,, products depending
on the size of CuNCs, we analyzed the variation in the formation
rate of C,, products per unit of normalized surface area of
CuNCs (SAcunes Table S3). The C,,, C; and each C,, product
formation rates per unit of normalized SAcc are shown in
Figures 3d, 3e and S21. The mean C,, product yields for each
experiment are summarized in Table S4. A greater than 3-fold
difference in the normalized C,, formation rate was observed
between the smallest and largest sized CuNCs at each potential.
Comparison of the normalized formation rates of each C,,
product in Figure S21 shows that the formation rates of acetate,
ethylene and n-propanol were size-dependent for CuNCs. The
normalized C; product formation rate, on the other hand,
confirmed the absence of a size dependence for CuNCs. We
also determined the turnover frequency for C, and GC,,
formation based on the surface Cu atoms on CuNCs (TOF,.cc
cw Figure S22). For the TOF, . ¢, calculation, the amount of
total and surface Cu atoms relative to the spherical diameter of
the modeled CuNCs are shown in Table S5. The TOF e ¢, for
C,. increased with larger CuNCs, whereas that for C; product
remained almost unchanged. The TOF, . ¢, for C,, reached
up to 72" at 2.6 nm of diameter of CuNCs. These findings
confirm that the G, formation rate is dependent on the size of
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(I)-CTFs. (d) The formation rate of C,, products and (e)
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the CuNCs and the larger size of CuNCs is more likely to possess
a surface that can readily produce C,, products.

In Figures 3a-c, the FE,, at —1.2'V vs. RHE was lower than
that at —1.0V vs. RHE for all three catalysts. To explore the
mechanisms underlying the decrease in FE.,, at —1.2 V vs. RHE,
we plotted the polarization curves and total current densities
(Figure S23). The log(jc,.) reached its maximum at —1.1V vs.
RHE for each Cu-CTF. This trend is likely due to the depletion of
*CO, which constrains CO dimerization, consistent with previous
analyses.*®

Modeling CuNCs to Calculate Coordination Number for
Surface Atoms

The coordination numbers for the surface-exposed atoms
change depending on the size of the nanoclusters.”®*% Herein,
we modeled CuNCs in the size region suggested by the
operando XAFS results to identify the structure of exposed Cu
atoms that function as an active center for the CORR. Figure 4
shows the surface coordination number (SCN) distribution of
CuNCs with sizes in the range 0.6-5nm. Representative
schematics of CuNCs are shown in Figures S11b and S11c. Sites
with SCN < 8 represent surface Cu atoms on either the step or
the kink sites. According to the operando XAFS results (Fig-
ure 2d), Cu(l)-CTFs and Cu(h)-CTFs formed ~1.2 nm and ~2.6 nm
CuNCs at —1.2V vs. RHE, respectively. At a cluster size of
1.2 nm, the proportions of clusters with SCN=8 and SCN <38
were 14% and 85%, respectively. As the cluster size increased
to 2.6 nm, the proportions shifted to 20% for SCN=9, 14% for
SCN=8, and 66% for SCN<8. The overall trend showed a
decrease in the proportions of sites with SCN<8 and an
increase in those with SCN > 8 as the cluster diameter increased.
That is, larger clusters have a greater proportion of terrace
surfaces compared with step and kink sites. Under the
assumption that the change in the SCN of exposed Cu atoms
influences the C,, formation activity, we conducted a density
functional theory (DFT) study, as described in the next section.
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Figure 4. Proportions of surface coordination numbers (SCN=9, 8, or <8) on
the modeled Cu clusters. The dashed lines represent the guidelines based
on logarithmic fitting to trends in proportions.
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DFT Study on CO Dimerization on Cu Sites with Various SCNs

C—C bond formation is a key step in the production of C,,
products in the CORR and CO,RR. In general, C—C bond
formation on bulk Cu proceeds through a Langmuir-Hinshel-
wood-type CO dimerization process.”**? In this process, two
CO molecules adsorbed onto adjacent Cu atoms react to form
an *OCCO intermediate. A recent report showed that C—C bond
formation via CO dimerization occurs on CuNPs and oxide-
derived copper.”® Additionally, a mechanism for the CO
dimerization on catalysts with several adjacent Cu atoms has
been proposed.* Therefore, the CO dimerization is also
assumed to be the key step for C—C bond formation on CuNCs.
As discussed in the previous session, as the cluster size
increases, the proportion of terrace sites with SCN=8 or 9
increases and the proportion of step sites with SCN<8
decreases. Herein, we investigated the CO dimerization activity
at each site using DFT to identify the relationship between
cluster size and C,, production activity. We calculated the
energy diagram for the CO dimerization reaction at different
SCN sites using various facets (SCN=9: Cu (111), SCN=8: Cu
(100), SCN=7: Cu (211)) by employing the climbing image
nudged elastic band (CI-NEB) method. Given the hydrogen
bonding stabilization of the oxygen atom in CO, we constructed
models that include explicit water molecules. In addition, on
the basis of a previous paper by Ngrskov, we replaced one of
the water molecules with a hydronium ion to represent a
pseudo-negative potential on the bulk Cu.** Figures5 and
S24 show energy diagrams as functions of the C—C bond length
between two CO molecules (d-_) and the optimized structure
of the transition state (TS) (see Figures S25-S27 for the
structures of the initial state (IS) and final state (FS)). Notably,
the TS was confirmed by identifying an imaginary vibrational
mode (Tables $6-58). The TS was located at d. .=1.9 A at all of
the SCN sites. When the potential energy of the IS was set to
zero, the activation barriers from the IS to the TS were
estimated to be 0.85, 0.49, and 0.82 eV for SCN=9, SCN=8,
and SCN=7, respectively. The local minimum energy appeared
at 1.5 A on SCN=9 and 8 and at 1.6 A on SCN=7, correspond-
ing to the adsorbed *OCCO intermediate. The thermodynamic
energy of *OCCO was lower on SCN=9 (0.61 eV) and SCN=8
(0.22 eV) surfaces than on an SCN=7 surface (0.75¢eV). The
activation energy (i.e., the energy difference between the TS
and FS) for the reverse reaction, which involves the splitting of
*OCCO into two *CO, was 0.24, 0.27, and 0.07 eV for SCN=9,
SCN=8, and SCN=7 surfaces, respectively. Therefore, at an
SCN=7 surface, although the activation barrier for *OCCO
formation was moderate compared with that of surfaces with
higher SCN values, the resultant *OCCO was less stable and the
activation barrier for the reverse reaction was lower. Conse-
quently, the reverse reaction, where *OCCO dissociates,
occurred rapidly, hindering progression to the subsequent
intermediate reduction process at low-SCN sites. Moreover, the
low SCN sites would exhibit high CO adsorption strength, which
limits the mobility of CO on the Cu surface and hinders the CO
dimerization.”® This inference is supported by Figure S24c,
which shows a sharp energy increase near d._.=3.3 A. Mean-
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Figure 5. Energy diagram of CO dimerization on sites with (@) SCN=9, (b) SCN=8, and (c) SCN=7. The structure of TS on the sites with (d) SCN=9, (e)
SCN =8, and (f) SCN=7 from the top and side. Gray, red, white, brown, and dark-orange spheres represent C, O, H, Cu, and Cu with SCN=7, respectively.

while, since the activation energy for the CO dimerization was
lower at SCN=8 compared to SCN=9, subsequent reaction
intermediates are expected to be more likely to be observed,
which is consistent with previous experimental studies.”®

Discussion

On the basis of the obtained results, we discuss the size-
dependent effects of the CuNCs on the CORR performance.
Figure 6 shows a schematic of the CORR activity on the
electrochemically grown CuNCs. At the same potential, larger
CuNCs were observed in Cu-CTFs with higher Cu loading.
According to CuNC models, larger CuNCs exhibit a higher
proportion of SCN=8 and 9, and DFT results suggest that the
*OCCO, a key species for C,, products, could stably exist on
these sites. By contrast, smaller CuNCs in Cu-CTFs have a higher

r CORR mechanism

proportion of SCN=7 and the experimental results confirmed
the formation of smaller amounts of C,, products. The DFT
results indicate that the *OCCO is unstable on SCN=7 sites,
which explains the low production of C,_ products. Our results
are basically consistent with a previous study demonstrating
that larger CuNCs enhance the reduction of CO to C,, under
alkaline conditions."? Additionally, Smaller CuNPs (in the size
range of 2-15 nm) produce only trace amounts of C,, products
(FEcy1q < 5%) during CO,RR,® whereas our study demonstrated
that even smaller CuNCs (< 1.0 nm) exhibited notable C,_
production (e.g., 29.5% of FE.,, with Cu(l)-CTFs at —0.8 V vs.
RHE) during CORR. These findings suggest that even small
CuNCs can generate C,, products under high CO surface
coverage conditions. However, it should be noted that the
surface pH differs between CORR and CO,RR. Therefore, when
employing CuNCs for CO, electrolysis, increasing the partial
pressure of CO through tandem integration with CO,-to-CO

C2+ Cz+
Cy.

High

CTEs

Larger CuNCs

CoO G,
‘o A

Rate of C,, production in CORR

Smaller CuNCs

OCP _ Positive]

Cu concentration

Low

(*]
CTEs |

Figure 6. Schematic of CORR process on electrochemically grown CuNCs derived from single Cu atoms for lower and higher Cu concentration on the CTFs.
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electrolysis or optimizing the catalyst layer structure would be
an effective approach.

Conclusions

We systematically evaluated the correlation between CuNCs
derived from single Cu-doped CTFs formed during CORR and
their CORR activities. Operando XAFS analysis revealed that Cu
clusters of several nanometers were grown under a cathodic
potential and that their size increased with increasing Cu
loading on the substrate and increasingly negative applied
potential. The CORR results show that the amount and rate of
C,, formation increased, especially with increasing the size of
CuNCs. To investigate the correlation between the CORR activity
and the grown Cu cluster size, we modeled CuNCs a few
nanometers in size. The modeling results indicated that the
fraction of SCN<8 decreased and that of SCN=9 and 8
increased with increasing size. Combined with the EXAFS data,
this result suggested that the exposed surfaces of larger Cu
clusters formed when the Cu loading was increased, or more
negative potentials were applied had a greater proportion of
SCN=9 and 8 than SCN < 8. We used the CI-NEB method to
calculate the energy profiles of the CO dimerization reaction,
which is an important elementary process in the formation of
C,, products, on each SCN site. Because of the high reverse
reaction rate and thermodynamic instability of *OCCO at SCN=
7 sites, CO dimerization to C,, production is more likely to
occur at SCN=9 and SCN =8 sites. The insights gained from
this study are expected to contribute to the advancement of
Cu-based catalysts for the CO,RR/CORR. In addition, we
anticipate that these findings will enhance understanding of
SACs, which exhibit unique reactions distinct from bulk
catalysts.
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