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Tandem catalysts that integrate a CO-selective metal such as Ag
with C-C coupling-active Cu represent a promising strategy to
tailor product selectivity for electrochemical CO, reduction
(eCO2R). Here, we fabricated Cu—Ag tandem electrodes (Cu-Ag
TEs) with an Ag overlayer with thicknesses precisely controlled
from 0.9 to 150 nm via physical vapor deposition on a porous
polytetrafluoroethylene (PTFE) membrane. We systematically
investigated how nanometer-scale thickness modulation affects
product selectivity under flow-cell conditions. Electrocatalytic
tests revealed a non-monotonic dependence of product selectivity
on the Ag thickness. Methane (CH,) formation, scarcely observed
on monometallic Cu or Ag, was substantially enhanced and peaked
at an Ag overlayer thickness of approximately 10 nm. In contrast,
C,. selectivity decreased with increasing Ag thickness up to 10 nm
and then increased again at larger thicknesses. In situ Raman spec-
troscopy detected a Raman peak assignable to *CH,—*CO inter-
mediates, suggesting a thickness-dependent competition between
the *CH,—*CO and *CH,-*H pathways. These findings demon-
strate that Ag overlayer thickness and the resulting interfacial
structure serve as tunable parameters for controlling eCO,R
selectivity in Cu—Ag TEs.

Introduction

Electrochemical CO, reduction reaction (eCO,R) powered by
renewable energy has attracted increasing attention as a prom-
ising route for the sustainable conversion of CO, into value-
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Cu—Ag tandem electrodes with controlled Ag
overlayer thickness for tunable CO, reduction
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added products."™ Among various metal catalysts, copper (Cu)
is uniquely capable of catalyzing C-C coupling, enabling the
formation of multicarbon products (C,;) such as ethylene
(C,H,) and ethanol (EtOH)."” However, eCO,R proceeds
through many competing pathways, yielding broad product
distributions.*® Achieving high selectivity for a targeted
product remains a central challenge for practical
implementation.’

To address this issue, tandem catalyst designs that combine
C-C coupling-active Cu with a CO-selective metal such as Ag,
Au, or Zn have been proposed as a strategy to enhance
selectivity.’™"? In the tandem architectures, *CO generated on
the non-Cu metal can migrate to the Cu surface, thereby
increasing local *CO coverage and promoting C-C
coupling.®>®***31> For example, Cu-Ag tandem catalysts
promote the formation of C,, via *CO-*CO coupling’"'® and
improve the ethanol-to-ethylene ratio wvia *CH,—*CO
coupling.>*”8

In previous studies, most Cu-Ag tandem catalysts were pre-
pared by sequential/mixed deposition of Cu and Ag
particles,"'**'"'® or by modifying Cu nanoparticles with
Ag.">'%1% The former approach often results in poorly defined
and inhomogeneous metal-metal interfaces, while the latter
makes it difficult to precisely and systematically control the Ag
loading at the nanoscale. As a result, it has been difficult to
understand how interfacial design influences intermediate
transport and downstream product selectivity.

In this study, we address these limitations by constructing
Cu-Ag tandem electrodes (Cu-Ag TEs) in which the Ag over-
layer thickness is precisely controlled using physical vapor
deposition (PVD), while maintaining a constant Cu thickness.
Unlike conventional gas-diffusion-layer (GDL) supports, we use
a porous PTFE membrane as the substrate, because we pre-
viously found that the membrane suppresses the hydrogen
evolution reaction (HER) when used for Cu deposition.>® This
design allows reliable evaluation of eCO,R performance in a
flow cell configuration at high current density, while minimiz-
ing interference from HER. These features collectively enable a
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systematic investigation into how nanometer-scale structural
modulation at the Cu-Ag interface affects *CO transport and
governs product selectivity. To the best of our knowledge, this
is the first study to systematically examine eCO,R selectivity in
a flow cell configuration using Cu-Ag layered catalysts with
nanometer-controlled Ag thickness.

Results and discussion
Catalyst preparation and structural characterization

Cu-Ag TEs with varying Ag layer thicknesses were prepared,
along with Cu and Ag single-metal electrodes as references (see
SI for details). The electrodes were fabricated by sequentially
depositing Cu and then Ag onto a porous PTFE membrane. The
prepared tandem electrodes with a fixed Cu layer thickness of
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150 nm and Ag layers of 0.9-150 nm are denoted as CuXAg,
where X is the Ag thickness (nm). The thicknesses of the de-
posited Cu and Ag layers were monitored by a quartz crystal
microbalance during deposition, and the thickness profiles are
provided in Fig. S1. For comparison, Cu and Ag electrodes, each
with a thickness of 150 nm, were also prepared and are simply
denoted as Cu and Ag, respectively.

To investigate the interface structure, cross-sectional and
top-view scanning electron microscopy (SEM) analyses were con-
ducted on Cul50Ag. The cross-sectional SEM image revealed
two distinct layers on the PTFE substrate: a dark lower layer and
a bright upper layer (Fig. 1a). These layers correspond to Cu and
Ag, respectively, demonstrating the successful formation of the
heterostructure. A SEM top-view revealed a densely packed gran-
ular surface with lateral feature sizes on the order of several tens
of nanometers (Fig. 1b). Energy-dispersive X-ray spectroscopy
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(a) Cross-sectional SEM image of Cul50Ag. (b—d) Top-view SEM and EDS elemental maps of Cul50Ag for (c) Cu and (d) Ag. (e) XRD patterns

of Cu, Ag, Cu—Ag TEs, and PTFE membrane. Simulated reference patterns of Cu and Ag are based on reported crystallographic data.?? (f and g) Ag
overlayer thickness dependence of Ag crystallite size (f) and lattice constant (g), calculated by Rietveld refinement: Cu—Ag TEs (red circles) and Ag

(blue circle).
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(EDS) mapping showed homogeneous distributions of both Cu
and Ag signals (Fig. 1c and d), which could indicate partial
surface exposure of Cu. This surface exposure of Cu was revealed
by in situ Raman spectroscopy, which detected peaks assignable
to copper oxide species (Fig. S2).

X-ray diffraction (XRD) measurements were performed to
examine the electrode structures. Cu and Ag exhibited diffrac-
tion patterns consistent with the face-centered cubic (fcc)
structure, along with a characteristic peak from the PTFE
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membrane at 26 = 49° (Fig. le). In Cu-Ag TEs, Cu diffraction
peaks were observed at all Ag thicknesses, whereas Ag peaks
became discernible only when the Ag layer exceeded 10 nm.
The intensity of the Ag(111) peak increased with increasing Ag
thickness, indicating growth of the Ag phase. Rietveld refine-
ment further confirmed that the Ag crystallite size increased
with layer thickness (Fig. 1f). The Ag lattice constant varied
slightly with thickness, increasing by 0.021 A (0.5%) from 10 to
150 nm (Fig. 1g).
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Fig. 2 Product distributions on Cu, Ag, and Cu—Ag TEs. (a) faradaic efficiencies for all products (left axis) and current densities (red circles, right
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Electrochemical CO, reduction performance

The electrochemical CO, reduction (eCO,R) performance of
the electrodes was evaluated using chronoamperometry in a
flow cell. Cu predominantly generated C,. over the entire
potential range, with EtOH and C,H, as the main products
(Fig. 2a). In contrast, Ag mainly produced CO, particularly at
less negative potentials. As the applied potential became more
negative, the faradaic efficiency for CO (FEco) decreased,
whereas those for formic acid (HCOOH) and hydrogen (H,)
increased (see SI for the definition of faradaic efficiency).

Cu-Ag TEs exhibited a marked enhancement in the faradaic
efficiency for CH, (FEcy,) compared to both Cu and Ag, which
showed FEcy, less than 2%. To evaluate the impact of Ag layer
thickness on product distribution, we examined the thickness-
dependent FEgon, FEcp, and FEcy, at —2.0 V vs. RHE
(Fig. 2b).

The amount of FEcy, increased with increasing Ag thick-
ness, peaking at Cul0Ag where CH, became the dominant
product. At Ag thicknesses of 50 nm and above, CH, remained
the major product (Cu50Ag and Cu150Ag), but FE¢y, gradually
declined with increasing Ag thickness. Concurrently, FEg.on
and FEcy, decreased from Cu0.9Ag to CulOAg, consistent
with a shift toward CH, formation. At thicker Ag layers
(Cu50Ag and Cul50Ag), both of FEpoy and FEgy, partially
recovered. Among all Cu-Ag TEs, Cu0.9Ag exhibited the
highest FEg.on and exceeded that of Cu. This non-monotonic
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behavior highlights the intricate interplay between Ag layer
thickness and product selectivity in the Cu-Ag tandem system.

To rule out possible effects of the total electrode thickness,
we evaluated thickness-matched Cu electrodes (Cu-Cu electro-
des) with total Cu thicknesses of 150.9 (150 + 0.9), 160 (150 +
10), and 300 (150 + 150) nm as controls. As shown in Fig. S3
and S4, varying the Cu thickness alone did not reproduce the
selectivity tuning observed in the Cu-Ag TEs.

In situ Raman spectroscopy

To gain mechanistic insights into the observed trends in
product selectivity, we conducted in situ Raman spectroscopy
under eCO,R conditions using a flow cell (se SI for details).
Raman spectra were collected at open-circuit potential (OCP)
and during chronopotentiometry in the current density range
of 10-90 mA cm™>. Across all Cu-Ag TEs, Raman peaks attribu-
ted to copper oxides®*** were observed at OCP, confirming
partial surface exposure of Cu (Fig. 3a and S2).

In the low-wavenumber region (240-1400 cm™"), Cu exhibi-
ted a characteristic Cu—*CO peak at ~370 cm™',>>** whereas
no such features were detected on Cu-Ag TEs. In the high-
wavenumber region (1400-2200 cm™'), Cu showed a Raman
peak at 1520-1550 cm™ ", assignable to asymmetric stretching
of adsorbed CO,™ (ref. 25; Fig. 3b). Meanwhile, on Cu-Ag TEs
except for Cu0.9Ag, we observed a peak near 1604 cm™", which
is attributed to the formation of *CH,—*CO.” Previous studies
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In situ Raman spectra of Cu, Ag and Cu—Ag TEs in the (a) low-wavenumber region and (b) high-wavenumber region at OCP and under
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have suggested that *CH,—*CO coupling between *CH, formed
on Cu and *CO supplied from Ag promotes ethanol formation
over ethylene.'”'®?® DFT calculations in those studies indicate
that the resulting *CH,CO intermediates are preferentially
reduced into ethanol, especially on Cu(111)-oriented
surfaces.'”'® Recent spectroscopic, theoretical, and data-
driven studies have further highlighted asymmetric *CH,~
*CO*” and *CHO-*CH,® coupling as key C-C coupling motifs
for C,, formation. Taken together, the emergence of *CH,—
*CO Raman peak, the increased EtOH/(EtOH + C,H,) ratios
relative to Cu (Fig. S5), and mechanistic insights from prior
studies indicate that *CH,—*CO pathways are promoted on Cu-
Ag TEs.

Notably, the absence of Cu-*CO on Cu-Ag TEs implies that
the *CO rapidly converts into downstream intermediates, pre-
venting its accumulation on the TEs. The absence of the
1604 cm ™" peak for Cu0.9Ag is likely due to rapid CO turnover
at the interface, resulting in a low steady-state population of
CO-involving intermediates below the Raman detection limit.
Similarly, the absence of *CH, signals at around 1435 cm™*
(ref. 17, 29 and 30) in both Cu and Cu-Ag TEs suggests that
these intermediates are rapidly consumed via coupling with
*CO or *H. This indicates high surface turnover and low
steady-state coverage of *CH, species. These spectroscopic
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observations indicate the involvement of *CH,—*CO-related
intermediates and rapid *CO turnover on Cu-Ag TEs.

Guided by these insights, we next develop a competition
model between *CH,—*CO and *CH,~*H coupling to account
for the observed thickness-dependent selectivity.

Ag layer thickness-dependent product selectivity

The thickness dependence of faradaic efficiency on Cu-Ag TEs
(Fig. 2b) indicates a competitive relationship between the pro-
duction of CH, and C,,, governed by whether *CH, couples
with *H (leading to CH,) or with *CO (leading to C,.). Fig. S6
clearly shows simultaneous increase in FEqy, and FEy, as the
Ag layer thickness increases, which implies that CH, formation
is promoted by *CH,~*H coupling.’’ This pathway is likely
facilitated by an increase in surface *H coverage, originating
from the enhanced HER. Under these conditions, *H inter-
mediates may compete with *CO for coupling with *CH,,
thereby shifting the reaction pathway toward CH, formation.
The competition between *CH,—*H and *CH,—*CO path-
ways is further modulated by the Ag layer thickness, which
influences the geometrical configuration of the Cu-Ag inter-
face. As revealed by Rietveld refinement (Fig. 1f), increasing
the Ag layer thickness results in the growth of Ag crystallites,
suggesting a coarsening of Ag grains. Based on the crystallite-
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Fig. 4 Schematic illustrations of Cu—Ag interfacial environments and plausible reaction pathways: (a) low Ag thicknesses (<10 nm); small grains
generate a large interfacial perimeter, enabling *CO spillover and promoting *CH,—*CO coupling toward C,,. (b) Intermediate thickness (~10 nm);
decreased perimeter and increased *H coverage favor *CH,—*H coupling toward CH, selectivity. (c) Higher thicknesses (>10 nm); limited *CO spil-

lover leads to *CO desorption and simultaneous CO accumulation on the
production.
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size trend, we obtained a semi-quantitative, XRD-based esti-
mate of the total Cu-Ag interfacial perimeter per geometric
area as a function of Ag thickness (Table S1 and Fig. S7). The
estimate indicates that the total Cu-Ag interfacial perimeter
decreases with increasing Ag thickness for samples where the
crystallite size could be determined (>10 nm).

At small Ag thicknesses (Cu0.9Ag and Cu5Ag), the Ag layer
tends to consist of fine grains, resulting in a large total inter-
facial perimeter between Cu and Ag due to numerous small
Cu-Ag contact regions. This extensive interface likely facilitates
effective *CO spillover from Ag to Cu, thereby promoting
*CH,—*CO coupling and favoring the formation of C,, such as
EtOH and C,H, (Fig. 4a). As the Ag layer becomes thicker
(Fig. 4b), the Ag grains coarsen and individual Cu-Ag inter-
facial regions grow larger, thereby reducing the total number
of interfacial regions and the overall interfacial perimeter. This
structural evolution decreases the total perimeter of Cu-Ag
interface available for *CO transfer, resulting in diminished
*CO availability at Cu sites. Consequently, *CH, intermediates
are more likely to couple with *H rather than *CO, shifting the
selectivity toward CH, formation (Fig. 4b). The CH, selectivity
peaked at Cu1l0Ag, where both limited *CO spillover and elev-
ated *H coverage synergistically favored the *CH,—*H pathway.

Notably, at higher Ag thicknesses (Cu50Ag and Cul50Ag),
FEcy, declined, whereas EtOH and C,H, formation partially
recovered (Fig. 2b). This behavior coincided with an increase
in CO production (Fig. S8), indicating the accumulation of CO
near the Cu surface. This accumulation likely arises from de-
sorption of *CO that is unable to spill over to Cu due to the
reduced interfacial perimeter caused by grain coarsening. The
resulting CO-rich local environment may enable *CH,-CO
coupling via an Eley-Rideal mechanism,"” potentially contri-
buting to the observed resurgence of C,, (Fig. 4c).

Conclusion

In this study, we prepared Cu-Ag TEs with nanometer-con-
trolled Ag overlayer thicknesses to systematically investigate
the impact of interfacial structure on eCO,R selectivity.
Electrochemical performance tests revealed that CH, for-
mation, which was scarcely observed on either Cu or Ag alone,
was substantially promoted on Cu-Ag TEs. faradaic efficiency
trends indicated a competitive relationship between the for-
mation of CH, and C,; (mainly EtOH and C,H,): CH, selecti-
vity peaked at an Ag thickness of 10 nm, whereas C,, selectivity
decreased up to this point and subsequently recovered at
higher thicknesses.

Detailed structural and spectroscopic analyses figured out
the origins for the non-monotonic behavior of the product
selectivity on Cu-Ag TEs, which is sensitively modulated by the
Ag layer thickness. Based on these findings, we could propose
the plausible reaction pathways in the catalytic environments
of the Cu-Ag interlayer spaces. At low Ag thicknesses, small Ag
grains yield a large total interfacial perimeter, enabling
efficient *CO spillover to the Cu surface and promoting *CH,~
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*CO coupling. As the Ag layer thickens, grain coarsening
reduces the total Cu-Ag interfacial perimeter, diminishing
*CO supply and favoring *CH,—*H coupling. At higher thick-
nesses, local CO accumulation on the Cu surface may enable
an additional *CH,-CO coupling route via an Eley-Rideal
mechanism, contributing to the resurgence of C,,.

This work establishes a versatile tandem catalyst platform
that can operate under flow cell conditions, and also provides
nanometer-scale mechanistic insights that can inform the
rational design of highly efficient eCO,R catalysts. More
broadly, beyond efficiency, data-driven approaches may acceler-
ate the exploration of complex electrocatalyst design spaces
where stability and durability are equally critical, including
multicomponent alloy systems.>*3
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