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ABSTRACT: Controlling the electrochemical CO, reduction process for Incident ~ Raman Tg ™"~ @ app £
multicarbon production is challenging. Ethanol is typically produced with lower Laser i"a'

selectivity compared to ethylene. In addition, ill-defined catalytic active sites
and elusive mechanisms of C—C coupling further hinder the enhancement of
ethanol generation. Here, we carefully regulated the quantity of the Cu atoms § y
and deposited them onto a Ag inverse-opal structure (AglOs) using the pulse- /
electrodeposition method. Subnanometer Cu clusters demonstrated a 2.5 times y
higher Faradaic efficiency for ethanol production compared to that for ethylene NPs \ '

at —1.05 V vs RHE. Conversely, as the size of Cu increased to nanometers, v v vl-r—vy v

ethylene became the dominant product. Excessive adsorption of CO on Cu DN

clusters, which migrates from the Ag surface, is attributed to the improved 073 12 240 1200 240 "
9 g 3 g Pulse-electrodeposited Cu on AglOs Planar Ag

ethanol production. Abundant Ag/Cu boundaries and adjacent spacing g invorso.onel structire Pulse eyol6 no. of Gu

between Ag and Cu clusters may enhance the surface migration of CO. In

contrast, the preferential site-selective CO adsorption on large Cu nanoparticles is associated with solution-mediated CO migration.
Operando shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) revealed a high coverage of the CO on the Cu
clusters. The initial intermediate *OCCOH by C—C coupling appeared for both Cu clusters and nanoparticles. However, Cu
clusters accommodated more carbonaceous intermediates, highlighting the critical role of CO and intermediate coverages on Cu in
ethanol production.

KEYWORDS: CO, reduction, Cu cluster, Cu nanoparticle, inverse opal structure, operando electrochemical probe, Raman spectroscopy,
SHINERS

B INTRODUCTION despite its better affordability for the industry.'’”"* Tt is
presumably attributed to the thermodynamically favorable
C2H4—f0rminsg pathway on Cu."’ Recently, Cu in tandem with
Ag,"*"® Ag,1 1 or Zn®® showed better FE of EtOH. In
particular, Ag is an excellent CO supplier at a high cathodic
potential, and CO migration increases *CO coverage on Cu,
where the asterisk symbol indicates surface adsorption.”’ It
suggests the extended accessibility of the Cu surface including
the thermodynamically unfavorable sites, which may provide a
new pathway to EtOH production. In addition, plausible active
sites, including edges of Cu cubes” and Cu—Ag phase
boundary,” were demonstrated. However, despite many
studies on tandem catalysts, the origin of preferential EtOH
production has not yet been conclusive. Accordingly, the lack
of delicate tandem catalyst designs also often led to the

A significant challenge in mitigating climate change is the
elimination of emitted carbon dioxide (CO,) gas. In addition,
converting CO, gas into industrial resources is advantageous
for the creation of new value-added materials. The electro-
chemical CO, reduction (e-CO,R) technique is a useful
method performed at room temperature and ambient
conditions, and catalyst designs produce various reduction
products, such as carbon monoxide (CO), methane (CH,),
ethylene (C,H,), and ethanol (EtOH)." The latter C, species
comprising two carbons are more desired as expensive
industrial resources than C;. However, the selectivity for
targeting C, species has generally been low compared to that of
CO due to complicated electrochemical and chemical
processes, e.g.,, C—C coupling. The fundamental understanding
of the key active sites of catalysts and detailed mechanisms also
remains to be resolved.””

Cu is the most widely used and effective catalyst to facilitate
C, products in aqueous media.”> By designing the crystal
structures, oxidation states, and defect sites of Cu, the Faradaic
efficiency (FE) of C,H, was improved to ~84.5%.°"" In
contrast, improving EtOH selectivity remains challenging
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Figure 1. Fabrication and characterizations of CuP_ED(24O) /AglOs. (a) Schematic illustration of the Cup_ED(24O) /AglOs fabrication. EPD indicates
electrophoretic deposition. (b) Cross-sectional SEM, (c) high-magnification SEM, and (d) HAADF—STEM images of Cu,pp(240)/AgIOs. The
scale bars are (b) S ym and (c,d) 100 nm. (e) High-magnification HAADF—STEM image of the dashed-box region in (d) and simultaneously
acquired EDS elemental mapping images of (f) Ag, (g) Cu, and (h) overlaid Ag and Cu. Note that the net intensity maps in (f—h) are normalized
for each element to better visualize the Cu layer deposited on the Ag surface, and the maps do not directly represent the atomic fraction. The scale
bars are (e—h) 10 nm. (ij) XPS of CuP_ED(240)/AgIOs in the (i) (bottom) Ag 3d and (j) Cu 2p binding energy regions. The top spectrum in (i)
was AglOs. (k1) Ex situ XAFS spectra along with references of CuO, Cu,O, and Cu foil. (k) Cu K-edge XANES spectra and (1) k’>-weighted Fourier

transform EXAFS spectra.

unexpected inferiority of EtOH. For example, large Cu particle
sizes (hundreds of nanometers to microns) and relatively small
Ag surfaces formed C,H, or CH, rather than EtOH.***¢
Thus, it necessitates subnanometer/atomic level control of Cu
and Ag sizes and Cu—Ag boundary.

Upon well-defined catalyst structures, the main pathways for
C—C coupling should be addressed. The *CO—-*CO or
*CO—*CHO coupling has been widely accepted as the
plausible C,-forming route.” Cu-based catalyst covered by
nitrogen-doped carbons showed imperative C—C coupling
processes and stabilizing intermediates such as *CH,CHO and
HOCCH* to determine EtOH production.27’28 In comparison,
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recent computational simulations and experimental methyl
halide isotope tests suggested a possible route to *CO—*CH,,
coupling to prepare EtOH.””*" The key intermediates to be
EtOH have still been debated and rarely observed under e-
CO,R conditions.

Here, we controlled Cu size as a subnanometer on a porous
Ag substrate to investigate the critical parameters for EtOH
production. Using well-ordered Ag inverse opal structures
(AglOs), the pulse-electrodeposition (p-ED) technique’ ™
finely regulates the quantity of Cu deposition with uniform

34,35

coverage. Referring to previous studies of IOs, our

fabricating method prevented AgIOs delamination from the

https://doi.org/10.1021/acscatal.3c03469
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Figure 2. Characterizations of AgIOs and CuP,ED(24O) /AglOs for e-CO,R in CO,-saturated 0.2 M KHCOj solution. (a—d) Potential-dependent
geometric partial current density (]geo) for (a) AglOs and (c) Cu,, £p(240)/AglOs, and FE of (b) AglOs and (d) Cu,. £p(240)/AglOs. Error bars in
(c,d) are standard deviations for experiments with three independently measured Cu,. £p(240)/AglOs samples. (e) HAADF image of the
Cu,. £p(240)/AglOs and (f—h) simultaneously acquired EDS elemental mapping images of (f) Ag, (g) Cu, and (h) both Cu and Ag after 3 h of ¢-
CO,R at —1.05 V. The scale bars of (e—h) indicate S0 nm. (i) A high-magnification EDS elemental mapping image of the dashed box in (h). The
red and green indicate Ag and Cu, respectively, and the scale bar is S nm. Note that the net intensity maps in parts (f—i) are normalized for each
element to better visualize the segregation of Cu, and the maps do not directly represent the atomic fraction. (j) XPS spectra of Ag 3d BE regions
for (top) as-prepared Cup_ED(240)/AgIOs (same as Figure 1i bottom spectrum) and (bottom) after e-CO,R.

substrate, which allowed for successful bimetallic Cu/AgIOs
with ~6 nm thick Cu layer by p-ED. During e-CO,R, Cu
segregated but did not form an alloy with Ag. Subnanometer
Cu clusters from small depositing quantities significantly
improved the FE of EtOH compared to that of C,H,. With
increasing Cu quantity forming nanoparticles (NPs), the FE of
C,H, was increased. Operando electrochemical shell-isolated
NP-enhanced Raman spectroscopy (SHINERS) demonstrated
*OCCOH as the initial intermediate of the C—C coupling for
both Cu clusters and NPs. However, Cu clusters exhibited
higher CO and carbonaceous species coverages than Cu NPs,
suggesting a pivotal role of dense intermediates in forming
EtOH.

B RESULTS AND DISCUSSION

Ultrathin Cu/porous Ag frameworks were prepared by pulsed
Cu electrodeposition on AglOs (further details are provided in
the Experimental section in the Supporting Information).
Briefly, polystyrene (PS) beads [diameter (d) = 600 nm] were
stacked with a hexagonal close packed structure on an Au-
coated Si wafer (Figure 1a).>**° After the deposition of Ag and
PS removal (Figure S1), we confirmed no delamination of
AglIOs from the substrate. Subsequently, Cu layer was plated
on these AglOs using the p-ED technique. Uniform Cu nuclei
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were formed by a 10 ms pulse with a current density of —100
mA cm™2, followed by resting for 4.99 s at the open-circuit
potential (OCP). This process was repeated 240 times to
develop a Cu layer,”” " and the complete structure is
indicated as Cu,pp(240)/AglOs.

The Cu, ;p(240)/AgIOs was composed of 7—8 layers of
spherical pores (d = 600 nm) with a framework thickness of
~4.5 pum, as shown in the cross-sectional scanning electron
microscopy (SEM) image (Figure 1b). The pores were
interlocked, and the inner spaces were connected through
small holes (d = ~150 nm, black spheres in Figure Ilc).
Grazing-incidence X-ray diffraction (GIXRD) identified 111
and 200 reflections of metallic Ag with a face-centered-cubic
structure (Figure S2). As Cu character could not be detected
in GIXRD, the presence of the Cu layer was verified by high-
angle annular dark-field—scanning transmission electron
microscopy (HAADF—STEM) together with STEM-based
energy-dispersive X-ray spectroscopy (STEM—EDS, Figure
1d—h). HAADF—STEM images show even Cu layers, and
their thickness (¢) estimated from multiple areas was 5.7 + 2.9
nm. X-ray photoelectron spectroscopy (XPS) demonstrated
phase-segregated Cu and Ag without forming CuAg alloy, as
shown in no Ag peak shift before and after p-ED Cu (Figure
1i). The Cu/Ag atomic % on the surface was 6.0/15.7, as

https://doi.org/10.1021/acscatal.3c03469
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Figure 3. Controlling the deposited Cu quantity to selectively form Cu clusters and Cu NPs on AglOs. (a) Representative potential profile for the
p-ED process of Cu on AglOs. The yellow region indicated incomplete Cu coverage on Ag due to a minute Cu deposition. (b) Comparative FE of
EtOH to C,H, ratio, Jyeo oty and average sizes of Cu from Cu,, gp/AglOs samples and Cu,, gp/planar Ag. Different Cu sizes were controlled by p-
ED cycles. The e-CO,R was examined at —1.05 V for 3 h with a CO,-saturated 0.2 M KHCOj solution, and Cu sizes were measured using STEM—
EDS elemental mapping images. (c—e) (top) HAADF—STEM and (bottom) corresponding STEM—EDS elemental mapping images of Cu,, gp/
AglOs after 3 h of e-CO,R at —1.05 V with (c) 12, (d) 240, and (e) 1200 Cu p-ED cycles. The red and green indicate Ag and Cu, respectively, and
the scale bars of (c—e) are S nm. Note that the net intensity maps in (c—e) are normalized for each element to better visualize the Ag layers and Cu
NPs, and the maps do not directly represent the atomic fraction. (f—g) Schematic illustrations of (f) EtOH formation on the Cu cluster through
surface-migrated CO and (g) C,H, production on Cu NPs by solution-mediated CO migration or direct CO, reduction. Gray, brown, black, red,

and white balls indicate Ag, Cu, C, O, and H atoms, respectively.

determined by XPS, which was distinct from that in bulk at
0.7/99.3 measured by inductively coupled plasma—optical
emission spectroscopy (ICP—OES) (Tables S1 and S2). It
evidenced surface deposition of the Cu layer.

The Cu,p(240)/AgIOs structure comprised metallic Ag
and various valence states of Cu. XPS and Auger spectra
showed Ag’ 3d;, and 3ds,, spin—orbit coupling signals
(Figures 1i and S3). For Cu, there were Cu’, Cu?, and Cu**
states; the Cu’ and Cu* signals were superimposed at ~932.6
eV (orange) in XPS, and the small Cu®* peak appeared at
~934.6 eV (green) in the Cu 2p;, binding energy (BE) region
(Figure 1j). The presence of predominant metallic Cu was
validated by the rising-edge region at ~8979 eV (1s — 4p,
transition of Cu®) in the X-ray absorption near-edge structure
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(XANES) spectra (Figure 1k).* Consistently, k*weighted
Fourier-transformed extended X-ray absorption fine structure
(EXAFS) spectra exhibited the intense Cu’—Cu’ signal with a
bond length of 2.18 A (Figure 11). In addition, the appearance
of Cu—O with a length of 1.47 A was associated with both
Cu"—O (referred to as Cu,O at 1.41 A) and Cu**—O (CuO at
1.50 A). Therefore, all of the results demonstrate the formation
of a Cu’-dominant film with a mildly oxidized Cu surface.
Next, e-CO,R was conducted on the as-prepared AgIOs and
Cu,5p(240)/AglOs. The e-CO,R product selectivity was
investigated by using a CO, gas-bubbled 0.2 M KHCO;,
aqueous solution in sandwich-type and two-compartment
electrochemical cells. Ag is an excellent e-CO,R catalyst for
producing CO,'®'”*" and Cu-free AgIOs showed exclusive CO
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Table 1. Details of Cu,.g,/AgIOs Samples for e-CO,R"

usage/AglOs thick-ness p-ED cycle no. of

samples (um) Cu
Cu, 5p(3)/AglOs e-CO,R assess/4.5 3
Cu, pp(12)/AgIOs 12
Cu, ;p(240)/AglOs 240
Cu,£p(1200)/AgIOs 1200
Cup_ED(IO)/AgIOs_R Raman/1.5 10
Cu, £p(80)/AgIOs_g 80

Jieo FE of EtOH FE of

Cu structure/size (nm) (mA cm™) (%) EtOH/C,H,
cluster/no observation —-12.7 13.0 2.5
cluster/<1 —16.8 29.5 1.6
cluster + NPs/7.8 + 3.9 -16.5" 28.8° 1.4°
NPs/18.0 + 3.5 —158.7 189 1.0
cluster —8.6 24.3 1.8
cluster + NPs -9.1 26.0 1.7

“All of the CO,R experiments were conducted at —1.05 V in 0.2 M KHCO; for 3 h. bThe electrochemical results of Cu,, ;p(240)/AgIOs in Figure
S11 deviate some from those in Figure 2c,d because the synthesis of Cu, gp/AgIOs is sensitive to the environment (temperature and humidity).

However, their trends are consistent.

production (Figure 2a,b). With increasing overpotential, the
geometric area-based current density of CO (indicated as
]geo,CO) linearly increased and approached —5.5 mA cm™ at
—1.05 V (vs reversible hydrogen electrode unless otherwise
stated) with an FE of ~95.1%."* In comparison, a planar Ag
showed inferior Jo,co at —1.50 mA cm™* and lower FE for CO
(FEco) at 76.3% (Figure S4). More importantly, the better
CO conversion efficiency was linked to a lower H, evolution
reaction (HER), demonstrating FE, values of ~2% for AglOs
and 21.8% for planar Ag substrates (Figures 2b and S4).
Because H' is depleted during CO formation (eq 1), vigorous
CO generation increases the local pH and prevents HER.***}
It was more achieved in the confined space (AglOs) compared
to the open space (planar Ag).

CO, + 2H" + 2¢” = CO + H,0 (1)

Bearing in mind the Ag structure-dependent catalytic
performance, we explored Cu,pp on AglOs and tested e-
CO,R at the desired potentials for 3 h. With increasing
cathodic potentials from —0.9 to —1.05 V, FEcq decreased
(~39 to ~13%), while the total FE for C, products, i.e., EtOH
plus C,H,, was increased to >50% (Figure 2c,d, Table S3, SS,
and S10). At —1.1 ~ —1.15 V, CH,, and H, were enhanced in
reducing CO due to the significantly increased HER.** Thus,
the optimal potential for C, production was —1.05 V, at which
the total J,, was —17.5 mA cm > Cu,p(240)/AgIOs
provided a superior FE for EtOH (33.2%) compared to
C,H, (18.0%). This result was significantly different from that
of CulOs producing the predominant HER (FEy,, ~80%,
Figure SS). After 20 h of e-CO,R at —1.05 V, FE for EtOH was
still retained at 29% on Cu, ;p(240)/AgIOs, indicating the
long-term stability of EtOH active sites (Figure S6).

Cu, p(240)/AgIOs remained robust and stable after e-
CO,R at —1.05 V for 3 h (Figure S7), and there was no
evidence of Cu loss during e-CO,R (ICP—OES analysis of the
electrolyte solution; Table S2). However, the Cu began to be
segregated, forming two types of structures, clusters (<1 nm
size) and NPs, while Ag was exposed to the surface (Figure
2e—i). The subnanometer-scaled Cu clusters appeared in being
osculated with Ag (green dots in Figure 2h), and the coexisting
Cu NPs had an average diameter of 7.8 + 3.9 nm (dashed box
in Figure 2h and its high magnification image in Figure 2i, and
other Cu NPs observations in Figure S8). XPS exhibited a
negligible peak shift of Ag 3d;,, and 3d;,, before and after e-
CO,R (Figure 2j), validating no CuAg alloy formation due to
their immiscible property.*’ Additional Cu®* signals emerging
in XPS and Auger spectrum were attributed to the surface
oxidation in the air during the analyses (Figure $9).*°
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Correlated with e-CO,R results, both Cu and Ag served as
catalysts for e-CO,R,'*"*” where the Ag supplied CO to Cu.

We further tuned the Cu size distribution using the p-ED
methods and identified a size-dependent Cu role for the C,
process. The advantages of the p-ED were delicately
controlling Cu quantity by cycling numbers and forming a
uniform layer. When we monitored the OCP during the resting
period of the p-ED process, it appeared to be >0 V vs Cu**/Cu
before ~20 cycles (yellow area in Figure 3a). It indicated a
minute Cu deposition that partially covered the Ag surface.
Such tiny Cu plating and subsequent e-CO,R formed small Cu
clusters. Representatively, we adapted 3 and 12 Cu, gp cycles,
indicated as Cu,gp(3)/AgIOs and Cu,pp(12)/AgIOs, re-
spectively, and observed Cu structures in multiple sites after e-
CO,R. Unfortunately, STEM—EDS did not clearly detect Cu
in Cu,gp(3)/AgIOs due to the marginal amount and possibly
very small size. However, it characterized well-distributed Cu
clusters as subnanometer dots in Cu,gp(12)/AglOs (Figures
3c and S10). More importantly, there was no Cu NP in the
multiple sites of Cu,pp(12)/AgIOs, demonstrating the
exclusive formation of Cu clusters from the low Cu, gp cycle
numbers. Correspondingly, the e-CO,R drastically increased
FEgon by Cu clusters; Cu,gp(3)/AglOs had a FEgon/FEc p,

ratio at 2.5 (Figure 3b). This remarkably high C, selectivity is
likely attributed to the existing tiny Cu that was even not
observed by the high-resolution STEM—EDS. However, the
CO product was also predominant (FEcq = 67%), and the
total J., was low (Figure S11), because the absolute Cu
amount was very low and the exposed Ag surface area was
large. Cu,pp(12)/AgIOs provided the FEg,opn/FEc,y, ratio at

1.6, which was higher than 1.4 for the CuP_ED(240)/AgIOs
(Figure 3b). Further, the total J,, and FE of C, species were
comparable to that of the Cu,gp(240)/AglOs despite a 20
times lower Cu quantity (Figure S11). Therefore, Cu clusters
in AglOs were active in C, production and preferentially
formed EtOH, especially when the Cu size was smaller in
lower Cu, gp cycle numbers.

In contrast, when p-ED cycling numbers were increased, Cu
was aggregated to be NPs, and the size was enlarged.
Compared to the Cu,pp(240)/AgIOs with an average Cu
NP diameter at 7.8 + 3.9 nm (measured from total six areas)
(Figures 3d and S8), 1200-times cycled p-ED, i.e.,
Cu, £p(1200)/AgIOs, had an average NP diameter at 18.0 +
3.5 nm (measured from total eight areas) (Figures 3e and
S12). STEM-EDS images showed a reduced Cu—Ag
boundary and completely separated Ag and Cu NP domains
(Figure 3d,e).
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For ¢-CO,R, the FEgy/FEc,y, ratio was 1.0 for

CuP_ED(IZOO)/AgIOs, revealing an increase in the C,H,
portion (Figures 3b and S11). In addition, both FE and Jg,
of C, species were decreased compared to those for the
CuP_ED(240)/AgIOS as the HER was enhanced. All Cu,gp/
AglOs samples’ structural sizes and e-CO,R performances are
summarized in Table 1.

Similar results also appeared from Cu particles synthesized
by galvanostatic Cu plating on AglOs (Figure S13). These Cu
particles were hundreds of nanometers in size and had (100)
facets, known as the active sites for C2H4.6 In addition, when
we applied the Cu p-ED method to planar Ag substrate, a
hundred nanometers of Cu particles were deposited even after
240 cycles due to a low Ag surface area (Figures S14 and S15).
This Cu,, gp/planar Ag showed only <5% FE of C, at —=1.05 V,
and the FE ratio of EtOH to C,H, was significantly low at 0.7
(Figure 3b, Tables S4, and S6).

Therefore, the overall results showed an apparent correlation
between the Cu size and EtOH productivity. We attribute this
transition to the CO delivery pathways and corresponding CO
density on Cu. Because the Ag domains predominantly convert
CO, to CO while weakly adsorbing CO, CO can move to Cu
via two pathways: surface migration and solution-mediated
transport. Previous computational simulation results revealed
thermodynamic and kinetic preference for CO spillover,
leading to stable *CO adsorption on Cu or Cu atomic layers
on Ag."® Experimentally, the CO surface migration should be
achieved when the spacing between Ag and Cu is short. Then
CO is stuck at the abundant Cu—Ag boundary and migrates
onto Cu. A continuous and rapid CO supply makes a dense
CO population on Cu and promotes C—C coupling.*** These
conditions apply to subnanometre Cu clusters as they have a
small height difference from the Ag surface and are widely
distributed on the AglOs (Figure 3f). High CO coverage on
Cu can support the surface-migrating CO process, which will
be discussed below by using vibrational spectroscopy. There
are also unique features of the subnanometer Cu layer. It is
reported that the ultrathin Cu layer on Ag modulates the Cu
characters to Cu—Ag intermediate-like, which is favorable for
CO and intermediates adsorption for EtOH production.'****
In addition, the subnanometer Cu has multiple and diverse
binding sites, which are different from the typically well-
defined active sites (e.g., low coordination sites) for C,H,.*’

In sharp contrast, large Cu NPs have a few boundaries with
Ag, which hinder the surface migration of CO (Figure 3g).
Instead, solution-mediated CO transport can be predominant,
which is a slow and site-selective process. Along with CO, Cu
NPs also accommodate CO, and facilitate the entire e-CO,R
without any help from Ag. Compared to Cu clusters, the
density of CO and CO, on the Cu NPs is low and
concentrated on thermodynamically active sites to form
C,H,."” Previous studies revealed that CO gas was mostly
converted to C,H, on Cu,O/Ag nanostructures, where the
solution-mediated CO adsorption took place.'® In addition,
the sole Cu’ or Cu,0 nanocatalysts’’ also produced the
significant C,H, from CO, gas.

To shed light on the molecular catalytic reactions, operando
electrochemical SHINERS was used for our catalysts. We
prepared Cu, gp/AglOs_g, Cu,gp/planar Ag, and Cu film
samples for the SHINERS analysis. For Cu, gp/AglOs_y, the
thickness of the AglOs (1.5 ym) was thinner than the above
AglOs (t = 4.5 ym) to reduce bubble generation. This thin
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AglOs was indicated as AgIOs_i. Subsequently, Cu coating
was conducted by the p-ED method, and complete Cu
coverage on AglOs_g was achieved for five cycles (Figure S16).
We fabricated Cu,gp(10)/AgIOs_g and Cu, g (80)/AgIOs_g
through 10 and 80 p-ED cycles. Both samples should form Cu
clusters, but Cu,, p(80) also developed NPs. The Cu,, gp(10)/
AglOs_y evolved significant CO (FE¢o = 33.4% Tables S7—
§9), a similar behavior to the above Cu,p(3)/AgIOs in
Figure 3b. The FE ratio of EtOH to C,H, was estimated to be
1.84 and 1.72, respectively, for 10 and 80 p-ED cycles (Figure
$17), which were higher than the one of the above
Cu,gp(12)/AgIOs (1.6) in Figure 3b. Cu,gp(80)/AglOs_g
exhibited increased FEs for both EtOH and C,H, compared to
Cu, gp(10)/AgIOs_g because of increasing numbers of both
Cu clusters and NPs. In comparison, 240 cycles of p-ED were
applied for planar Ag, and an e-beam-evaporated Cu film was
deposited on the Si wafer. Both Cu,, gp/planar Ag and Cu films
produced negligible EtOH and C,H, (5—6% FE,), thus being
categorized as C,-inactive catalysts (Figure S17).

For SHINERS, Au (average d = ~130 nm)@SiO, (average t
~S nm) NPs were drop cast to cover the sample surface
(Figure S18a,b).

The Au@SiO, NPs were inactive for the redox process
(Figure S18c,d) but strengthened the surface plasmon
resonance between the particles and sample junctions, which
pronouncedly intensified Raman signals of the sample surface
(Figure $19).>° A 633 nm-laser and water-immersing objective
lens were set up with a home-built single chamber spectro-
electrochemical cell, and a CO,-saturated 0.2 M KHCO;,
electrolyte solution was used with continuous CO, gas
bubbling.

At the initial OCP, all Cu samples showed Cu,O and
Cu(OH), bands at ~530 cm™"' (Figure 4a—d and see assgined
Raman modes in Table 2).”>° After stabilization at the OCP,
the potential was applied from —1.1 to —0.4 V and rested at
the OCP after terminating the e-CO,R. This positive-potential
scan showed reliable Raman signals at the initial high cathodic
potentials (—0.9 ~ —1.1 V) where the C, species were
produced.

We first observed the essential atop-bound *CO bands on
Cu, which were comprised of Cu—CO stretching (355—367
em™") and Cu—CO rotating (283—300 cm™") bands (Figure
4a—d).>>** In particular, Cu,5p(240)/AgIOs samples showed
a redshift *CO stretching band (358.9 cm™") compared to the
one for C,-inactive catalysts (Cu,, gp/planar Ag and Cu film) at
—1.05 V (Figure 4e). It can explain the vicinal interactions
between *CO molecules, possibly promoting the C—C
coupling.®” In addition, the active CO participating in the C,
process was predicted from the estimation of *CO stretching
to rotating intensity ratio in a previous report.59 In our
samples, the areal *CO intensity ratio increased as Cu film <
Cu,_gp/planar Ag < Cu,, gp/AglOs_g samples (Figures 4e and
$20), which was consistent with the order of FE,. For Cuy.pp/
AglOs_g samples, CuP_ED(IO)/AgIOs_R had a higher *CO
ratio than CuP_ED(SO) /AgIOs_g, demonstrating a higher
population of active CO on Cu,5p(10) and the favorable
CO surface-migration process. Note that the FE., of
Cu, gp(10)/AgIOs_y was lower than that of Cu,p(80)/
AglOs_g. It was attributed to the significant CO evolution
from large AglOs_g surface area (Figure S17).

Strong C=O0 stretching mode also emerged at 2000—2100
cm™" at the initial high cathodic potentials. Subsequently, the
C=O0 mode weakened at —0.4 ~ —0.8 V as both *CO
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Figure 4. Operando electrochemical shell-isolated NP-enhanced
Raman spectra (SHINERS) during e-CO,R with a CO,-saturated
0.2 M KHCO; solution. (a) Cu,p(80)/AglOs_g, (b) Cu,pp(10)/
AglOs_y, (c) Cu,.gp/planar Ag, and (d) Cu film with positive-
potential scan. The initial and terminating states were rested at the
OCP (gray). Black, green, blue, and purple dashed lines indicate *CO
on Cu, *OH or *O on Cu, *C, species on Cu, and *CO,~ or *CO
species on Ag, respectively. (e) Comparative Cu—CO atop stretching
and rotating band modes for all samples. (f) FE of EtOH (blue) and
C,H, (green) linked to the areal Raman intensity ratio of atop-bound
*CO stretching to rotating mode. (g) Total e-CO,R current density
of Cu, pp(80)/AglOs_g samples at —1.05 and —1.1 V for 3 h.

stretching and rotating bands were attenuated (Figures 4a and
S21). The decreased *CO coverage at the mild potential
region caused the appearance of the bridge-bound C=O at
1910—1950 cm™' for Cu,gp/AglOs_g samples.'**>*° In
contrast, the bridge-bound CO appeared over the entire
potential range on the C,-inactive catalysts due to a low *CO
coverage (Figure S21). Cu,pp(80)/AgIOs_g, Cu, pp/planar
Ag, and Cu film showed additional bands at 1760—1880 cm™
in the mild potential region. It is assigned to *CO at defects,
hollow sites, or undercoordinated sites of Cu NPs.”’ In
contrast, such signals did not appear for Cu, ;(10)/AgIOs_g,
confirming the absence of the Cu NP. Instead, Cu,p(10)/
AglOs_g exhibited a high wavenumber band at 2090—2118
cm™! in =04 ~ =09 V, likely associated with a weak *CO
adsorption at the Cu—Ag boundary.

It is noted that high-sensitivity SHINERS also detects Ag—
CO and Ag—CO," signals. For example, Cu, gp/planar Ag,
providing 33% FEco, showed weak *CO, strong out-of-plane
wagging *OCO~, and *COO™ band on a Ag at 394—396, 511,
and 550 cm™!, respectively, in —0.4 ~ —0.6 V (Figure 4c, see

3204

Table 2. Measured and Referred Raman Modes

Raman shift

(em™) Raman mode references
283-300 Cu—*CO stretching 333
355-367 Cu—*CO rotating
394-396 weak *CO on Ag o4
390—-409 *0 5
460 bridged *OH 5
447-465 Cu(OH), band 9253
502-507 *C on Cu 5
S11 strong out-of-plane wagging *OCO™ on Ag 3
530-532 atop-bound *OH 3936
550 strong out-of-plane wagging *COO™ on Ag o
1015-1020 bicarbonate anion, HCO;~ 37,38
1060—1070  carbonate anion, CO;*~ 5338
1259-1280  C—O—H stretching of *OCCOH 3
1298 C—OH bending of *HOCCOH
1760—1880 *CO at defects, hollow sites, or 9

undercoordinated sites

1910—1950 bridge-bound *CO stretching 2,60
2000-2120 strong *CO stretching 38

similar signals on Cu-free AglOs_p in Figure S$22). In
comparison, there was no Ag-related Raman band for
Cu,gp(10)/AglOs_y despite a similar FEco (33.4%). It
verified dense CO coverage on Cu through the migration of
CO from Ag.

Apart from *CO, *OH bands were notable for Cu, gp/
AglOs_g as the local pH was high. The Cu—OH bands
comprised the atop-bound *OH at 530—532 cm™' and the
bridged *OH at 460 cm™' (Figure 4a—d).* Cu,.£p(80)/
AglOs_y had particularly profound Cu—OH signals and
contained additional *O (390—409 cm™) and Cu(OH),
band (447—465 cm™') in the whole potential range. This
OH adsorption on Cu should establish an equilibrium with
OH dissolution in the high pH solution. It is noted that an
apparent ratio between HCO;™ at 1015—1020 cm™ and
CO;*” bands at 1060—1070 cm™" also indicate the local pH
degree.”’ However, these signals randomly fluctuated by
introducing CO, gas bubbles in our cell configuration, and
the HCO;~ band overlapped with the residual PS bands in
AglOs_p (benzene ring breathe modes at 1000 and 1030
ecm™) (Figures 4a and S21).

Taken together, the excess *CO on Cu and high local pH
conditions promoted the C—C coupling process.””®* There are
two possible coupling processes, *CO—-*CH, and
*CO—*CHO.”*> The former is suggested as the main route
for EtOH formation,"®**> where the protonation of CO is
prerequisite to form *CH,. However, both Cu, gp/AglOs_g
samples did not show a *COCH,, band (1302 cm™") (Figure
$23). The C—H stretching mode of CH, coupling (2800—
3000 cm™') was not also clearly identified because residual
chemicals from the AglOs_y fabrication overlaid over 2800
cm™' (Figure S24). As an alternative method of investigating
the *CO—"*CH, route, we tried to enhance the J,, of CH, by
a negative potential shift and observe the corresponding J,., of
EtOH. Both J,, should exhibit a positive correlation in this
process. At —1.1 V, the increased protonation power resulted
in increased yields of H,, CH, and C,H, on CuP_ED(SO)/
AglOs_p (Figure 4g). However, J,, of EtOH remained
invariant compared to that at —1.05 V. A similar trend is
also evident in Figure 2c, with a slight decrease in Jg., of EtOH.
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These results are unlikely to support the *CO—*CH,, coupling
process for C—C coupling in Cu,,gp/AglOs_g.

By contrast, all Cu,, ;p/AgIOs_g samples showed the notable
C—O-H stretching of *OCCOH at 1259—1280 cm™'
regardless of the potential-scan directions (Figures 4a, S21a,
and $23). Cu, 5p(80)/AgIOs_g had an additional peak of 1298
cm™! assigned to the C—OH bending of *HOCCOH. These
signals demonstrated the prevalent *CO—*CHO coupling on
the Cu, gp/AglOs_g samples. Thus, both EtOH and C,H,
share the same initial intermediates *OCCOH. Further, the
carbonaceous species (*C on Cu)-related Raman band™ was
remarkable at 502—507 cm™", which was only observed for the
Cu, p/AgIOs_y samples (Figures 4a,)b, S21a, and $23). In
particular, CuP_ED(IO) /AgIOs_g showed more intense *C
intensity than atop-bound *OH (530—532 cm™') at —0.9 ~
—1.05 V, implying densely populated carbonaceous inter-
mediates on Cu clusters. Presumably, various carbonaceous
intermediates reside on Cu clusters after initial *CO—*CHO
coupling. Thus, operando SHINER demonstrated the dense
CO and carbonaceous intermediates coverage on Cu clusters,
which influences the high selectivity of EtOH production.

B CONCLUSIONS

In summary, the p-ED method regulated the quantity of Cu on
the AgIOs and addressed Cu clusters as the core catalyst for
EtOH. It caused high CO coverage on Cu clusters, and CO
surface migrated from Ag as the spacing distance between Ag
and Cu domains was short and their boundary was abundant.
In contrast, Cu NPs increased C,H, through solution-
mediated CO migration or direct CO, reduction. Operando
SHINERS validated high CO coverage on Cu clusters by the
redshift of the *CO stretching mode and high areal intensity
ratio of Cu-COgyeching/ CU-COypaping: In addition, the pro-
nounced carbonaceous signal suggested a dense intermediate
population of Cu clusters. SHINERS detected the *OCCOH
band as the key intermediate regardless of Cu sizes, indicating
the shared *CO—*CHO coupling process for both EtOH and
C,H, production. The critical factor for preferential EtOH was
the high coverage of these intermediates on Cu. Our study
revealed the pivotal role of subnanometer Cu cluster in porous
Ag structure and guided catalyst design approaches toward
improving EtOH selectivity for e-CO,R.
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