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THE BIGGER PICTURE Electrochemical CO, reduction powered by renewable electricity offers a promising
route to close the carbon cycle and produce valuable chemicals. Among the possible products, ethanol is
especially attractive because of its high energy density and compatibility with the existing fuel infrastructure.
However, the selective electrosynthesis of ethanol from CO, remains challenging, and the catalysts are
almost exclusively limited to copper—a material with a complex product distribution during CO, reduction.
It is of great significance to design a new electrocatalytic interface that can selectively convert CO, into
ethanol without side reactions.

This work presents a strategy based on anion regulation at the electrode/electrolyte interface to achieve
100% ethanol selectivity over ethylene (the main byproduct for C-C coupling in electrochemical CO, reduc-
tion) on a copper-free Ag/Cr,03 heterostructure for CO, reduction. The effect of Hofmeister series anions
(ranked by their water-withdrawing effect for proteins) on the interfacial water structures during CO, reduc-
tion is revealed, with perchlorate found to be the most efficient anion to suppress hydrogen evolution and
promote CO, reduction. The benefits of asymmetric Ag—Cr active sites for selective ethanol generation during
CO, reduction via asymmetric hydrogenation are also illustrated. Based on the above research, a guideline
on the design of an ethanol-selective, copper-free interface for electrochemical CO, reduction can be estab-
lished, which involves the combination of asymmetric sites that can activate CO, and anions that can inhibit
hydrogen evolution. This work can provide valuable insights for the future design of selective C-C coupling
catalysts/interfaces that can achieve the efficient utilization of carbon dioxide and can further contribute to
the building of a sustainable society.

SUMMARY

Developing a Cu-free electrocatalytic system for CO, reduction toward a multi-carbon product remains chal-
lenging due to the limited understanding of C-C coupling. Herein, an Ag/Cr,03 heterostructure is reported to
achieve selective ethanol electrosynthesis from CO, with anions to modulate the electrocatalytic interfaces.
The performance of Ag/Cr,05 follows the trend of CIO,~ > NO3;~ > NO,~ > HCO5; /HPO,2 /S0,% for different
anions, which is similar to the tendency of Hofmeister anions to disrupt water’s structure. Notably, Ag/Cr,03
exhibits a faradaic efficiency (FE)ethanol Of 51.8% with a stable response at ~160 mA cm~2in a flow cell con-
taining ClO, . In situ characterizations and theoretical calculations demonstrate that ClIO, ™ reduces the num-
ber of interfacial hydrogen bonds, thus inhibiting hydrogen evolution. While the Ag-Cr asymmetric sites sta-
bilize the C-C coupling intermediates and favor the ethanol pathway over ethylene, this enables selective
ethanol generation. This work extends the approach for multi-carbon generation from CO,.
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INTRODUCTION

The electrochemical CO, reduction reaction (CO,RR) has been
established as a pivotal strategy for transforming CO, into
value-added products, and it is increasingly regarded as a sus-
tainable pathway toward closing the carbon cycle and mitigating
climate change.’* Among the CO,RR-derived species, ethanol
has been identified as a particularly attractive product owing to
its high energy density (-1,366.8 kJ mol~") and favorable charac-
teristics for storage and transportation.®>™® Currently, most of the
catalysts identified for ethanol production in CO,RR are based
on copper.®” However, thermodynamic constraints give rise to
the formation of competing hydrocarbon (e.g., ethylene) byprod-
ucts on Cu-based catalysts, which significantly impedes the se-
lective electrosynthesis of ethanol from CO,.?

*CO is the commonly reported key intermediate that effec-
tively facilitates C—C coupling for ethanol production. Therefore,
non-copper materials that can effectively generate or adsorb
*CO may potentially demonstrate an efficient CO,RR catalytic
performance for ethanol generation. Recently, non-copper ma-
terials such as NiO,” Fe porphyrinic-based metal-organic frame-
works,? and SnS,/Sn;-03G° have been indicated to produce
ethanol with a high selectivity in CO,RR. However, the limited
current density remains a critical challenge. Among the non-cop-
per-based CO,RR electrocatalysts, there has been a consensus
on the high efficiency of Ag for *CO adsorption/desorption in
CO,RR."? Additionally, extensive research has been conducted
on the adsorption of “*CO on metal sites and early transition metal
species such as Cr,""'? which demonstrate a strong adsorption
ability for *CO intermediates. Therefore, the construction of
asymmetric active sites containing Ag and Cr to promote *CO
coupling is expected to enable ethanol production.’® However,
the competitive hydrogen evolution reaction (HER) is a much
more serious concern for early transition metal species, as
they produce H, as the dominant product. Thus, the suppression
of the HER may be essential for the selective formation of ethanol
on these asymmetric sites. On the other hand, recent advances
in CO2RR have highlighted the critical importance of controlling
the interfacial microenvironment to enhance multi-carbon prod-
uct selectivity while suppressing the competing HER on Cu-
based materials.'* However, current studies have mainly
focused on regulating the interfacial water structure through
metal cations,'®™'” whereas the role of the anions has received
far less attention.® In fact, anions can also modulate the interfa-
cial structure of water. For instance, Hofmeister series anions—
ranked by their water-withdrawing effect for proteins—have
been demonstrated to regulate the water structure,'®2° thereby
possibly affecting C-C coupling. More recently, CIO,~ (which is
identified as a water-structure breaker according to the Hofmeis-
ter series) has been demonstrated to promote the electrochem-
ical reduction of CO to C,H,4 on Cu-based catalysts.’’ However,
the influence of anions on selective C-C coupling during CO-RR
over non-copper catalysts remains largely unexplored.

In this study, different anions were introduced to modulate the
hydrogen-bond network on a copper-free Ag/Cr,O3 heterostruc-
ture with distinct active sites to achieve selective C-C coupling
during CO2RR. Ethanol was obtained on this non-copper-based
catalyst, and the current densities for ethanol (Jethanol) in €lectro-
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lytes containing different anions followed the trend CIO,~ (11.91
mA cm 3 > NO;~ (5.38 mA cm 3 > NO,” (4.12 mA
cm™2) > HCO5; /HPO,27 /S04~ (hence no ethanol production)
in a H cell, which is similar to the ability of Hofmeister series an-
ions to disrupt hydrogen-bond networks.?>*® Notably, the fara-
daic efficiency (FE)ethanoi for an Ag/CroOs catalyst reached
~50% at —0.7 V vs. a reversible hydrogen electrode (RHE) in a
H cell, and it exhibited an FEgihano Of 51.8% at —0.8 V vs. RHE
in a flow cell containing ClO,~ with a stable response for 200 h
at a current density of approximately 160 mA cm~2, which is
among the best performance for a non-Cu-based system in
ethanol production. In situ spectroscopy and ab initio molecular
dynamics (AIMD) simulations indicate that the introduction of
ClO,4~ disrupts the continuous hydrogen-bonding network be-
tween water molecules, thereby inhibiting HER and enhancing
the selectivity of CO,RR toward ethanol production. Additionally,
density functional theory (DFT) calculations demonstrate that the
Ag-Cr asymmetric sites within the heterostructure are more
favorable for *CO coupling and subsequent hydrogenation to
form *OCCOH. Moreover, the free energy difference for the
rate-determining step is reduced from 1.30 eV for the C,oH,
pathway to 0.27 eV for the ethanol pathway, which results in
the high selectivity toward ethanol production on Ag/Cr,0Os3.

RESULTS

Synthesis and structural characterization of
electrocatalysts

The Ag/Cr,03 heterostructured catalysts were synthesized via
high-temperature calcination (450°C for 30 min) after the chem-
ical precipitation of the nitrates of Ag and Cr. The catalysts with
different Ag contents were labeled as Ag/Cr,O3, Ag/Cr,03-2,
and Ag/Cr,03-3 (Table S1) according to X-ray fluorescence
(XRF) analysis. Pure Ag and Cr,O3 samples were also prepared
for comparison (Figure S1). The X-ray diffraction (XRD) patterns
of the synthesized Ag/Cr,O; and Ag/Cr.03-2 samples
(Figure S2) corresponded to the metallic Ag (PDF#01-1294, cu-
bic phase) and Cr,O3; (PDF#01-1167, trigonal phase), which
confirmed the successful synthesis of the heterostructures.
However, Ag/Cr,03-3 with a higher Ag content demonstrated
characteristic peaks that corresponded to Ag.CrO, (PDF#20-
1055), which indicated a changed phase for this sample. Scan-
ning electron microscopy (SEM) (Figures S3 and S4) showed
that all samples were particles with sizes of around 100 nm
except for pure Ag, which aggregated into large pieces. The en-
ergy dispersive X-ray spectroscopy (EDX) for Ag/Cr,O3
(Figure 1A) revealed a uniform distribution of Cr, O, and Ag ele-
ments, while high-resolution transmission electron microscopy
(HR-TEM) images of Ag/Cr,0O3 (Figure 1B) showed distinct lattice
fringes with spacings of 0.236 and 0.367 nm that corresponded
to Ag (111) and Cr,0O3 (012), which further confirmed the forma-
tion of the heterostructure.

X-ray photoelectron spectroscopy (XPS) was performed to
study the bond configuration of Ag/Cr,O3 (Figure S5). The Cr
2p spectra showed typical Cr(lll) peaks at 586.1 and 576.5
eV,?* which is similar to that of Cr,O3, while the O 1s peak was
observed at 529.9 eV. However, the Ag 3d peaks in the Ag/
Cr,0O3 sample demonstrated a slightly lower binding energy



Please cite this article in press as: Liu et al., Interfacial hydrogen-bond network regulation enables selective CO, reduction to ethanol on copper-free
electrocatalysts, Chem (2026), https://doi.org/10.1016/j.chempr.2026.103078

Chem

¢? CellPress

| 1.182 nm |

00 02 04 06 08 1.0 1.2 14
nm

| 1.467 nm |

0.0 0.2 04 06 0.8 1.0 1.2 1.4 1.6
nm

C E
c 1.6 —Cr foil
o 1.4 —Cr,0,
8 1.2{—Agicro,
[
2 1.0 o
S 0.8] 5., <
L -} B 14
S 0.6 Sos <
LJ 206 +
(1] 0.4' Eo" m
£ 0.2] HE
2 0.0 3w
5900 5950 6000 6050 6100 6150 0 1 2 3 4 5 6
Energy (eV) Radial distance (A)
F . G 5 H
(= ’ —Ag,0 7 —Ag,0
-g 1.01 — Ag foil 1 —Ag foil
2 —Ag/Cr,0 64 —Ag/Cr,0,
[} 0.8 : < 5
[} 2 - )
S 0.6 § £ &
T L] ©
S 04 i X 3
G 0 2. E . 25512 25518 25524 t 2-
E 2 z Energy (eV) 1'
2 0.0 0]
25450 25500 25550 25600 25650 0 1 2 3 4 5

Energy (eV)

Figure 1. Structural and compositional characterization
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A) TEM image of Ag/Cr,0O3 catalyst and the corresponding elemental mappings of Cr, Ag, and O.

B) HR-TEM image of Ag/Cr,O3 catalyst.

C) Cr K-edge XANES spectra of Ag/Cr20s3. (Insert) Magnification of the shadow region.

D) Fourier transform of k*-weighted Cr K-edge EXAFS spectra for the r space.

F) Ag K-edge XANES spectra of Ag/Cr.0s3. (Insert) Magnification of the shadow region.

G) Fourier transform of k>-weighted Ag K-edge EXAFS spectra for the r space.

¢
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(E) Wavelet transform of the k*-weighted EXAFS data of Cr K-edge for Ag/Cr,05.
(
(
(

H) Wavelet transform of the k®-weighted EXAFS data of Ag K-edge for Ag/Cr,Os.

(368.1 eV for Ag 3ds/» peak) than that of metallic Ag (368.5 eV for
Ag 3ds,» peak), which indicated that Ag may undergo electron
loss in the Ag/Cr,O3 heterostructure.?® X-ray absorption spec-
troscopy (XAS) was employed to more precisely analyze the
valence states and coordination environments of Cr and Ag in
Ag/Cr;03. As shown in Figure 1C, the X-ray absorption near
edge structure (XANES) for the Cr K-edge in the Ag/Cr,O3 sam-
ple showed a quite small negative shift compared with that of

pure Cr,O3, which suggests that the valence state of Cr in the
Ag/Cr,0; sample was slightly lower than that of Cr®* in
Cr,03,%® which is possibly due to the electron acquisition from
Ag. The Fourier transform extended X-ray absorption fine struc-
ture (FT-EXAFS; Figure 1D) analysis and wavelet transform were
performed on the Cr K-edge EXAFS results (Figures 1E, S6A, and
S6B). The Ag/Cr,O3 sample showed scattering paths that were
associated with Cr-O and Cr-Cr, which is similar to Cr,Oz. On
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Figure 2. CO,RR performance of the Ag/Cr,03; catalyst
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(A) FE of different products for Ag/Cr,O3 in a H cell. The error bars represent the standard deviation for three independent measurements.
(B) FEethanol for Ag/Cr,03 in 0.5 M KHCO3 with different anions added in a H cell at —0.7 V vs. RHE. The error bars represent the standard deviation for three

independent measurements.

(C) Jethano! for Ag/Cro03-X in a H cell. Ethanol cannot be detected for the Ag and Cr,O3 control samples.
(D) Linear sweep voltammetry (LSV) curves for the Ag/Cr,O3 catalyst in the flow cell.
(E) FEethano at different potentials in the flow cell. The error bars represent the standard deviation for three independent measurements.

(F) Stability test during 200 h of electrolysis at —0.8 V vs. RHE in the flow cell.

the other hand, the XANES spectrum for Ag K-edge in the
Ag/Cr,0O3 sample lay between that of pure Ag and Ag,O
(Figure 1F), thus indicating that the valence state of Ag was
slightly higher than that of metal Ag, which was consistent with
the XPS analysis. Additionally, FT-EXAFS (Figure 1G) and
wavelet transform (Figures 1H, S6C, and S6D) indicated that
the Ag component in Ag/Cr,O3 was similar to pure Ag, which ex-
hibited a Ag-Ag scattering path but lacked the Ag-O scattering
path found in Ag,O. These results collectively demonstrate that
the Ag/Cr,03 catalyst possesses a heterostructure with an elec-
tronic interaction between Ag and Cr species, which potentially
enhances the electrocatalytic performance of CO,RR.%”

Catalytic performance of Ag/Cr,03; for CO>RR

The CO, electrocatalytic activity of Ag/Cr,O3 was evaluated in a
H-type cell. As shown in Figure S7A, the addition of CIO4~
increased the current density of the Ag/Cr,O3 catalyst, which
indicated that it may promote CO,RR. 'H NMR spectra tests re-
vealed that ethanol was generated on the Ag/Cr,O3 catalyst
across a wide potential range of —0.5 to —1.0 V vs. RHE
(Figures 2A and S7B), with the highest FE for ethanol of ~50%
at —0.7 V vs. RHE and a partial current density (Jethano) Of 11.9
mA cm~2 in the CO,-saturated 0.5 M potassium bicarbonate
(KHCO3) electrolyte containing ClIO, . The main byproduct was
gas-phase H, for Ag/Cr,O3, while the other byproducts were
negligible (1.9% for formate and 0.4% for CO at —0.7 V vs.
RHE). The electrochemical performance of Ag/Cr.Oz in the
argon atmosphere was also evaluated (Figures S7C and S7D),
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and the result showed that the only product was H,, which indi-
cated that KHCOj itself does not participate in the C—-C coupling.
In addition, Ag/Cr,O3 was also tested in a CO,-saturated KCIO,4
electrolyte without KHCO; (Figures S8A-S8C), and the results
demonstrated that ethanol could be obtained in a 0.05 M
KCIO, electrolyte without liquid byproducts, which indicated
that the presence of ClO,~ effectively promoted C-C coupling.
However, the achieved current densities were quite low, which
was possibly due to the high resistance of the electrolyte.
Furthermore, the effects of various anions (SO,2~, HPO,2,
NO,~, and NO3z") in 0.5 M KHCO3 for CO,RR were also investi-
gated. As shown in Figures 2B and S8D-S8I and Table S2, no
ethanol was produced when SO,2~ and HPO,2~ were present
in a 0.5 M KHCOg3 solution, while ethanol could be generated in
the presence of NO,~ and NO3;~. However, their FEginano and
Jethanol Were lower than that of ClO4~, and side reactions (the
reduction of NO,™ and NO3;") existed (Figures SS8E and S8F).
Moreover, the Jginano for different anions followed the order:
ClO,~ (11.91 mA cm™2) > NO;~ (5.38 mA cm™2) > NO,~ (4.12
mA cm~2) > HCO5; /HPO,2/S0,2~, which aligned with the trend
observed in the Hofmeister series,?®?° where anions with stron-
ger water-structure-destabilizing effects tend to enhance
ethanol production. The CO,RR performance of Ag/Cr,O3; was
also evaluated in a 0.5 M KHCOj; electrolyte with the addition
of halide ions (CI~, Br~, and I7), which was due to the halide-
induced structural reconstruction of Ag, although negligible
ethanol (<2%) could be detected (Figures S9 and S10). Addition-
ally, the performance of Ag/Cr,O3 with different Ag contents in
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ethanol production was evaluated. As shown in Figures 2C and
S11, the FEgthanot @nd Jethanot Of Ag/Cr,O3 were significantly
higher than those of Ag/Cr,0s-2 (23.3%, 3.9 mA cm?),
Ag/Cr,03-3 (16.8%, 3.3 mA cm?), Cr,0O3 (no ethanol genera-
tion), and Ag (no ethanol generation). Furthermore, the electro-
chemical surface area (ECSA) of different catalysts was evalu-
ated to assess the relationship between ethanol production of
the catalyst and its specific surface area. As shown in
Figure S12, these catalysts generally showed similar ECSA
values, which indicated that it was the intrinsic catalytic sites
rather than the ECSA that promoted the formation of ethanol.
Ag and Cr,03 were also physically mixed to test its ethanol pro-
duction performance (Figures S13 and S14). Its current density
was significantly reduced, and almost no ethanol was generated,
which suggested that the abundant heterostructure interface of
Ag/Cr,03 was essential for effective ethanol production.

A flow cell was further assembled to achieve a high current
density for the production of ethanol with Ag/Cr,O3 as the cata-
lystin the presence of ClO,4 . As shown in Figures 2D and 2E, the
current density significantly increased to hundreds of mA cm 2
in the flow cell with the highest Jgthano Of 82.4 mA cm2and a
FEethanot Of 51.8% at —0.8 V vs. RHE, which outperformed
most of the non-Cu systems for ethanol production (Table S3).
Additionally, almost no formate peak was detected in the 'H
NMR spectra for the flow cell (Figure S15), which further certified
the high selectivity of this system for ethanol formation. More-
over, Ag/Cr,O3 maintained a stable current density of approxi-
mately 160 mA cm 2 for over 200 h with no significant FEethano
decay (Figure 2F), thus demonstrating its excellent stability.

Mechanism study

Raman spectroscopy was used to investigate the changes in
water structure on an Ag/Cr,03 catalyst at —0.7 V vs. RHE in
CO,-saturated electrolytes. Pure KHCO3; solution and KHCO3
solutions containing representative anions (ClO,~ and HPO,2")
were selected to conduct the mechanism investigation. The O—
H stretching vibrations in the range of 3,000-3,800 cm~"! were
divided into three characteristic peaks (Figures 3A and S16),
which corresponded to the three types of water molecules®’:
~3,230 cm~' for water with strong hydrogen bonding
(4-HB-H,0), ~3,450 cm ™ for water with weak hydrogen bonding
(2-HB-H,0), and ~3,640 cm™" for cation-bound water (K-H,0).
Based on the integrated areas, the addition of 0.05 M dipotas-
sium hydrogen phosphate (K;HPO,) to 0.5 M KHCO3; did not
lead to significant changes in the proportions of these water
structures. However, the proportions of 4-HB-H,O and cation-
bound water decreased from 32.2% and 7.6% to 24.8% and
3.8%, while the proportion of 2-HB-H,0 increased from 60.2%
to 71.4% when 0.05 M KCIO4 was added to 0.5 M KHCOs.
This indicated that the formation of hydrogen bonds between
ClO,~ and H,O disrupted the original hydrogen-bond network
between water molecules.®’ Furthermore, the impact of these
anions on HER activity was explored by conducting LSV tests
of Ag/Cr,03 catalyst in argon-saturated 0.5 M KHCO3 solutions
containing either HPO,2~ or ClO,~. As shown in Figure S17, the
addition of HPO,2~ resulted in almost no change in LSV curve,
which indicated that this anion did not suppress HER. However,
the current density decreased when ClO,~ was added, thus sug-

¢? CellPress

gesting that HER was inhibited, which was consistent with the
analysis of the water structure. AIMD simulations were employed
to further investigate the role of different anions in the hydrogen-
bond network. Figures 3B, S18, and S19 showed the structural
shapshots of Cr,O3 (the main component of the catalyst) in the
electrolytes containing KHCO3; + KCIO4, KHCO3, and KHCO3 +
KoHPOy, respectively. It could be found that H and O atoms
were located farthest from the catalyst surface when CIO4~
was present in the electrolyte (Figures 3C and 3D), which
matched the reduced proportion of cation-bound free water for
ClO4~ in Raman spectroscopy and may be unfavorable for
HER.*? In contrast, HPO,2~ and HCO3 ™~ exhibited similar distri-
butions, with atoms located closer to the surface. The number
of hydrogen bonds in the three electrolytes was also analyzed
(Figure 3E). It is generally accepted that a continuous
hydrogen-bond network between water molecules facilitates
proton migration, thus enhancing hydrogen evolution at the elec-
trode/electrolyte interface.®®> When ClO,~ was introduced, the
number of hydrogen bonds closest to the surface decreased,
which indicated that CIO,~ disrupted the original hydrogen-
bond network as well as inhibited the adsorption of hydrogen.
This disruption would hinder HER and provide a favorable envi-
ronment for CO,, activation and C-C coupling. It was also noticed
that the ethanol current density increased significantly with the
presence of ClO4~ (Figure 2B). A possible reason is that HER
and CO.RR may share similar active sites for Ag/Cr,O3. The in-
hibited HER would leave room for more C-bound surface spe-
cies on the catalyst, thus resulting in promoted C-C coupling.
In situ attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) was performed on an Ag/Cr,O3 cata-
lyst to investigate the reaction intermediates in electrolytes con-
taining different anions (Figures 3F-3H). In a 0.5 M KHCO; +
0.05 M KCIO, electrolyte, a series of characteristic absorption
bands associated with CO, reduction emerged in the 1,200-
2,000 cm~" region as the potential was applied. The two bands
at around 1,410-1,560 cm™" are likely attributed to the symmet-
ric and antisymmetric stretching vibration of COO structures
such as carboxylate groups.®**® Even though the bands can
be related to the conversion of formate,®*® we suggest that
formate species would not be the dominant candidate since
the FE of formate is quite low during CO,RR. In addition, acti-
vated CO, with a COO structure may also be the possible candi-
date,***” as the adsorption/activation of CO, always exists in
CO,RR. The band at around 1,700 cm™" (which is also verified
by the time-dependent measurement at —0.7 V vs. RHE;
Figure S20) is assigned to the stretching vibration of species
with a C=0 bond,***® such as CO, adsorbed species and inter-
mediates with a carboxyl group or an aldehyde group. The two
peaks at around 1,700 cm~" may be attributed to the C=0 spe-
cies with different chemical environments (for example, the un-
saturated groups or hydrogen bonds that would lead to a red
shift for the band of C=0).** However, these bands were not
discernible in the CO,-saturated 0.5 M KHCOj3 electrolyte and
0.5 M KHCO3; containing HPO,42~. C,, products were also not
detected for the Ag/Cr,Os; catalyst in these electrolytes
(Figures S8G and S8l). Therefore, we can conjecture that CO,
is activated and reduced on Ag/Cr,03 in the electrolyte contain-
ing perchlorate, with the formation of C=0O-containing
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(A) Raman spectra for Ag/Cr,O3 at —0.7 V vs. RHE in a CO,-saturated different electrolyte.
(B) Snapshot of water structure in the KHCO3 + KCIO4 solution, with atom colors being Cr in blue, C in brown, H in pink, O in red, Cl in green, and K in purple.

(C) Distribution of H atoms in electrolytes containing different anions.
(D) Distribution of O atoms in electrolytes containing different anions.
(E) Number of hydrogen bonds in electrolytes containing different anions.

(F=H) In situ ATR-FTIR for Ag/Cr,0O3 in 0.5 M KHCO3 + 0.05 M KCIOy4 (F), 0.5 M KHCO3 + 0.05 M K;HPO, (G), and 0.5 M KHCOg3 (H).

intermediates that further contribute to the formation of ethanol.
Nevertheless, it should be admitted that the assignment of these
bands to specific C-C coupling intermediates is quite difficult.
In addition to anions, the component of the catalyst also affects
its catalytic performance for ethanol electrosynthesis. In situ
Raman and infrared spectroscopy were conducted on catalysts
with different components to further investigate the possible
mechanism of CO,RR. As shown in Figures S21 and S22, weak
bands that corresponded to COO- and C=0-containing spe-
cies®" were recorded for Ag/Cr,0s. In addition, a broad band at
2,800-3,000 cm ™" that was assigned to the stretching vibrations
of CHy species®"*®*° was also observed on both Raman and
infrared spectra for Ag/Cr,O3 (Figures S23 and S24), which sug-
gested the possible formation of hydrogenated carbon species
during the reaction. However, no peak corresponding to C=0
or CH, species was observed for either Cr,O3 or Ag (ethanol
was also not detected in the two samples; Figure S11). Their re-
sults indicate that it is the Ag-Cr asymmetric sites rather than sim-
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ple Ag or Cr that contribute to the formation of ethanol. Since pure
Ag promotes CO formation but does not undergo C-C coupling
(Figure S11C), it is likely that CO,RR intermediates may be active
on the Ag sites and further spill over to the Cr,O3 sites, thus facil-
itating C—-C coupling. The potential benefit of the Cr,O3 compo-
nent (HER as the dominant reaction without Ag; Figure S11D) in
Ag/Cr,0O3 for ethanol formation was also analyzed. Previous
studies have shown that Cr,O5 readily adsorbs OH species,*°
and the promoted *OH coverage may stabilize the CO.RR inter-
mediates and contribute to selective ethanol formation.’ The
OH adsorption peaks of the Cr,O3 component in this work were
also verified in the LSV curves® (Figure S25) and the Raman
signal at 730 cm~1*%*® (Figure S26). Meanwhile, Ag/Cr,O5 and
Cr,O5 displayed higher local pHs (Figures S27 and S28)
compared with the Ag sample,** which further certified their
stronger affinity for OH. Based on these results, it can be inferred
that the Ag component activates CO, to form a *CO intermediate,
part of which spills over to the Cro.O3 component, while CroO3 with
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A) Fourier transform of k*-weighted Cr K-edge EXAFS spectra for the r space at various potentials.

B) In situ Ag K-edge XANES spectra.

C) Fourier transform of k*-weighted Ag K-edge EXAFS spectra for the r space at various potentials.

D) CO, adsorption on different sites for Ag/Cro03.

F) Schematic diagram of CO spillover path (Ag atom, silver; Cr atom, blue; O atom, red; H atom, pink; C atom, brown).
G) DFT calculations for the formation of *OCCOH at different sites on Ag/Cr,O3 with surface adsorption of *OH.

H) Ethanol and ethylene pathways on Ag/Cr,O3 with the surface adsorption of *OH.

1) The conversion of *CHCOH via ethanol or ethylene pathways on Ag/Cr,O3 without the surface adsorbed *OH.
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(E) DFT calculations for CO spillover path.
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partial adsorbed *OH would stabilize the CO,RR intermediates
and facilitate the asymmetric hydrogenation during C—-C coupling
to produce ethanol on Ag/Cr,03.

In situ XAS was employed to reveal the potential structural and
local coordination environment changes of the Ag/Cr,O3 catalyst
during CO,RR (Figures 4A-4C and S29-S35). As shown in
Figure S29, there is no significant shift in the relative absorption
edge position of the Cr K-edge XANES after applying the poten-
tial, and the FT-EXAFS spectra (Figure 4A) display Cr—-O and Cr—
Cr bonds that are characteristic of Cr,O3. Moreover, Table S4
shows that the coordination number and bond length of Cr-O
exhibit almost no change before and after the application of
the potential, thus indicating the structural stability of Cr,Oa.
The shift of the relative absorption edge position in the Ag

K-edge XANES is also negligible (Figure 4B). However, the coor-
dination number of Ag—Ag decreases from 11.8 at open-circuit
potential (OCP) to 9.8 at an applied potential of —0.7 V
(Figure 4C; Table S5), which suggests the presence of unsatu-
rated Ag species at this potential. These vacancies may facilitate
CO, adsorption and activation, thereby providing more *CO in-
termediates for further reactions.”®> Additionally, the XRD
(Figure S36) shows that the Ag/Cr,0O3 catalyst retains its cubic
Ag and trigonal Cr,O5; phases after CO,RR, which indicates
that the catalyst generally maintains its structural stability during
CO2RR.

To gain a deeper insight into the nature of the active sites and
the interfacial synergistic mechanism, DFT calculations were
conducted on the Ag/Cr,03 heterostructure (Figures 4D-4l and
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S37-S39), and the preferential adsorption sites of CO, on Ag/
Cr,O3 were explored. As shown in Figures 4D-4F, CO, would
primarily adsorb on the Ag sites (—1.38 eV) instead of the Cr sites
(—1.17 eV) for the Ag/Cr,O3 catalyst. Subsequently, the ad-
sorbed *CO, undergoes a proton-coupled electron transfer pro-
cess at the Ag site to form *CO. Notably, the thus-formed *CO
preferentially migrates to the Cr site (—0.25 eV) rather than de-
sorbing as CO (1.65 eV), thus indicating the energetic preference
of the *CO intermediate spillover from Ag to Cr, which matches
the hypothesis in spectra data analysis. Additionally, the hydro-
genation behavior of the *OCCO intermediate (which is generally
suggested to be the key intermediate for C-C coupling’®¢~%) at
asymmetric interfacial sites was examined to further reveal the
pathway for ethanol formation. As illustrated in Figures 4G and
S37, the free energy difference is —1.68 eV when the *CO ad-
sorbed at the Cr site is hydrogenated for the *OCCO intermedi-
ate, which is much lower than the free energy difference of
—1.34 eV for the hydrogenation of *OCCO at the Ag site, thus
indicating that the *OCCO intermediate is preferentially first hy-
drogenated at the Cr site to form *OCCOH, which then un-
dergoes further proton-coupled electron transfer. Moreover,
ethylene is a common competitive product in the ethanol forma-
tion process since the two products share the same *CHCOH in-
termediate, and DFT calculations were performed to explore the
two possible pathways (from *CHCOH to ethanol and ethylene;
Figures 4H and S38) to reveal the reason for the high selectivity
toward ethanol on the Ag/Cr,O3 heterostructure. The results
show that when *CHCOH is further hydrogenated to *CHCHOH
(the ethanol pathway), the free energy difference is only 0.27
eV, while the free energy difference for the ethylene pathway
(*CCH) is as high as 1.30 eV, which indicates the reduced energy
barrier for the ethanol pathway. To verify the promoting effect of
*OH on ethanol formation, DFT calculations were also applied for
the Ag/Cr,03 heterostructure without *OH adsorption. As shown
in Figures 4l and S39, the Ag/Cr,0O3 heterostructure still favors
ethanol formation over ethylene even without *OH adsorption.
However, the free energy for *CHCHOH formation on the Ag/
Cr,03 heterostructure increases to 0.96 eV without the presence
of an adsorbed neighbor *“OH, which verifies that the partially ad-
sorbed *OH on Cr,O3 effectively reduces the free energy
required for the formation of the key intermediate “*CHCHOH in
the ethanol pathway, thus further enhancing the selectivity for
ethanol.

In order to validate the universality of ethanol production by
modulating the catalyst/electrolyte interface with CIO,~ for
non-copper-based  heterostructured  electrocatalysts in
CO2RR, Ag/ZnO, Ag/VOy, Ag/MnO,, and Ag/WO3 (Figure S40)
were prepared and tested, as these catalysts have been re-
ported either to facilitate the formation of *CO intermediates or
to exhibit strong binding affinities toward CO species. The re-
sults revealed that all these catalysts are capable of producing
ethanol, with an FEghanol cOnsistently exceeding 30% when
ClO,~ is present in the electrolyte. Furthermore, the Cr,O3
component is replaced by p-block metal oxides that predomi-
nantly generate *OCHO intermediates during CO,RR, such as
Bi>Og, In,O3, and SnO.. The liquid products are mainly formate.
No ethanol is detected on the Ag/Bi,O5 catalyst, and the FEs for
ethanol on Ag/In,O3 and Ag/SnO, are also very low (<10%). In
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addition to ethanol and formate, hydrogen can be detected in
all the samples due to the competitive HER. These results indi-
cate that the introduction of CIO,~ to modulate the catalyst/elec-
trolyte interface may be a universal strategy for achieving C-C
coupling on non-copper-based materials for CO.RR, and
creating asymmetric tandem active sites that prefer *CO inter-
mediate adsorption/conversion may be the key factor for
achieving selective ethanol formation.

DISCUSSION

In summary, we propose a strategy that is based on anion regula-
tion at the electrode/electrolyte interface to induce selective
ethanol electrosynthesis on non-Cu catalysts during CO2RR. In
situ spectroscopy and AIMD simulations reveal that CIO,~ dis-
rupts the interfacial hydrogen-bonding network by reducing the
number of hydrogen bonds, thereby suppressing HER and poten-
tially promoting C-C coupling on non-copper-based Ag/Cr,O3
electrocatalysts. DFT calculations and in situ characterizations
suggest that the Ag—Cr asymmetric active sites favor the activa-
tion and conversion of C=0-containing species during CO.RR,
and thus substantially reduce the free energy difference for the
rate-determining step of ethanol formation to 0.27 eV (1.30 eV
for the ethylene pathway), which endows the Ag/Cr,O5 catalyst
with a high selectivity toward ethanol. In electrolytes that contain
different anions, the Jethanol Of the Ag/Cr,O3 catalyst follows the
trend of CIO,~ (11.91 mA cm ) > NO;~ (5.38 mA cm2) > NO,~
(4.12 mA cm~?) > HCO5 /HPO,2 /SO,42~ (no ethanol production)
in a H cell, which is similar to the ability of Hofmeister series anions
to disrupt hydrogen-bond networks. In a flow cell containing
ClO4~, the Ag/Cr,O3 catalyst exhibited an FEghano Of 51.8%
and a Jethanol Of 82.4 mA cm~2 at —0.8 V vs. RHE, and it can be
stably operated for 200 h at a current density of about 160 mA
cm~2, which is one of the best results for non-Cu-based materials.
We believe that this work would extend the non-Cu electrocataly-
sis system for CO,RR to achieve C-C coupling, and it would
provide valuable insights for the future design of efficient non-
Cu-based catalysts as well as the regulation of catalyst/electrolyte
interfaces with anions for CO,RR.

METHODS

Materials

Chromium nitrate (Cr(NO3)3-9H,0, Innochem, 99.9%); silver ni-
trate (AgNOj3, Chengdu Kelong, > 99.8%); sodium borohydride
(NaBH4, Aladdin, >98%); potassium hydroxide (KOH, Aladdin,
99.5%); perchloric acid (HCIO,4, Sinopharm Chemical Reagent,
analytical reagent); potassium nitrate (KNOjz, Aladdin, 99.0%);
potassium nitrite (KNO,, Innochem, 97%); KHCO; (Aladdin,
99.5%), K,HPO, (Aladdin, 99.0%); and potassium sulfate
(K2S04, Aladdin, 99.0%). Ethanol (analytical reagent) was used
without any further purification, and the ultra-pure water (18.25
MQ cm™") used in all experiments was prepared by an ultra-
pure purification system (Ulupure).

Synthesis of Ag/Cr,03, Ag, and Cr,03
For Ag/Cr,03-X, 0.246 g of Cr(NO3)3-9H,0 and different quanti-
ties of AQNO3 were added to 50 mL of water in a glass beaker,
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and the mixture was stirred continuously to form solution A.
0.064 g of NaBH, was dissolved in water to form solution B. So-
lution A was stirred vigorously while solution B was slowly added
dropwise. After 30 min of reaction, the mixture was centrifuged
and washed with ethanol and deionized water, and it was then
placed in an oven at 80°C for 12 h to dry. Finally, high-tempera-
ture calcination was performed in a tubular furnace at 450°C for
30 min. And during the synthesis process of pure Ag and Cr,03,
Cr(NO3)3-9H,0, and AgNO3 were not added, respectively, and
other conditions were the same as for Ag/Cr,Os-X.

Preparation of WEs

The electrocatalysts (1 mg) and Vulcan XC-72 carbon powder
(4 mqg) were dispersed in a mixture of 500 pL isopropyl alcohol
and 20 pL of 5% Nafion solution. Ultrasonic treatment of the
above mixture was performed for 60 min to obtain a uniform sus-
pended ink. The ink was evenly dripped onto both sides of a
piece of carbon paper (about 1.0 x 1.0 cm) and then vacuum
dried at 60°C for 1 h to obtain a working electrode (WE). The
effective catalyst loading is approximately 0.2 mg.

Characterizations

The morphologies and compositional elements were confirmed
by SEM using the model Sirion 200. TEM was carried out on a
Tecnai G2 TEM (Thermo Scientific, USA). HR-TEM characteriza-
tions were obtained via a Talos F200X TEM (Thermo Scientific,
USA). XRD patterns were obtained via a DMAX-2400 X-ray
diffractometer (Rigaku, Japan). Raman measurements were per-
formed using Renishaw inVia Raman microscope system with
532-nm excitation wavelength. XPS was carried out with an
Axis-Ultra DLD-600W X-ray photoelectron spectrometer (Shi-
madzu, Japan). The 'H NMR spectra were performed on a
Bruker Ascend 600 MHz. D,O was utilized as the deuterium re-
agent; 500 pL of the electrolyte was mixed with 100 pL DMSO
(0.05 pl/mL) and then dissolved in 150 pL D,O solution, and
DMSO was used as the internal standard solution. In situ ATR-
FTIR was performed using a Nicolet iS50R spectrometer
(Thermo Scientific, USA). XAS was determined by the Shanghai
Synchrotron Radiation Facility (SSRF) at the beamline BL11B1.
XRF patterns were obtained from EAGLE Ill operated at 40 kV.
A UV spectrophotometer with the model TU-1810 was used to
obtain absorbance.

Electrochemical tests

H-type cell

Electrochemical tests were first performed in a three-electrode,
two-compartment H cell controlled by an electrochemical work-
station (CHI 660e, Chenhua). Two chambers were separated by
a proton exchange membrane (Nafion 212, Dupont). The WE was
catalyst-loaded carbon paper. An Ag/AgCl electrode (saturated
KCl solution) and a graphite rod were used as the reference elec-
trode (RE) and counter electrode (CE). The CO,-saturated 0.5 M
KHCO3 + 0.05 M KCIO, solution (40 mL) was applied as the elec-
trolyte, and the flow rate of CO, during the test was maintained at
20 mL/min. During the test, the cathode chamber electrolyte was
stirred at 600 rpm. All the electrode potentials were measured
against the Ag/AgCl electrode and converted to the RHE by
Erne = Eag/agel + 0.197 + 0.059 x pH, where pH is the average

¢? CellPress

pH value of the electrolyte. ECSA was estimated according to
ECSA = Cq4/Cs, where the double-layer capacitance (Cy) of the
catalysts was obtained from cyclic voltammetry measurements
conducted in the non-faradaic region by analyzing the capacitive
current densities at varying scan rates in CO,-saturated 0.5 M
KHCO3 + 0.05 M KCIO, solution, and the value corresponds to
half of the slope derived from the linear fit of current density vs.
scan rate, and Cg is the specific capacitance of a flat carbon sur-
face with 1 cm? of real surface area. All electrochemical mea-
surements in the H cell did not have any current-resistance (iR)
compensation. Further details regarding the product analysis
can be found in the supplemental methods.

Flow cell

A gas-diffusion flow cell consisting of a gas-diffusion layer (TGP-
H-060, 20% polytetrafluoroethylene, TORAY) deposited with Ag/
Cr,03-X (1.0 cm?) as the WE, nickel foam (1 mm, 1.0 cm?) as the
CE, and Ag/AgCl (saturated KCI solution) as the RE was con-
structed. A 1.0 M KOH + 0.05 M KCIO, solution (100 mL) was
used as the electrolyte. The electrolyte was maintained at
64 mL/min during electrolysis. Preparation of gas-diffusion elec-
trode was as follows: the electrocatalysts (1 mg) and Vulcan XC-
72 carbon powder (4 mg) were dispersed in a mixture of 500 pL
isopropyl alcohol and 20 pL of 5% Nafion solution. Ultrasonic
treatment of the above mixture for 60 min was used to obtain a
uniform suspended ink. The ink was evenly dripped on one
side of the gas-diffusion layer (1.0 cm?) to obtain a gas-diffusion
electrode. The effective catalyst loading is approximately
0.5 mg. Cathode and anode channels were separated by a pro-
ton exchange membrane (Nafion 212, Dupont). In the gas chan-
nel, the flow rate of CO, during test was maintained at
20 mL/min.

In situ measurements

In situ Raman spectroscopy was performed on a Renishaw inVia
Raman microscope system with in situ Raman gas-diffusion
H-type electrolytic cell (Gaossunoin, China). The wavelength of
the excitation source of the laser is 532 nm (50%). A 50x long
focal length distance objective (Leica) was used for focusing.
The WE was prepared according to the “preparation of WEs”
section, with a catalyst layer thickness of approximately
5.9 um (Figure S41). An Ag/AgCl electrode (saturated KCI) and
a graphite rod served as the RE and CE, respectively. The spec-
trum was collected after 10 min of stable operation for each po-
tential. The corresponding current responses recorded during
the in situ Raman measurements in different electrolytes have
been added in Figure S42.

In situ ATR-FTIR

In situ electrochemical infrared spectra were collected on a Nico-
let iIN10 Micro-IR spectrometer with an electrochemical IR cell
using an ATR configuration under reaction conditions to monitor
the evolution of interfacial species during electrolysis. The WE
was prepared according to the “preparation of WEs” section
during the testing process, and an Ag/AgCl electrode and a car-
bon rod were used as RE and CE, respectively. A CO,-saturated
electrolyte containing 0.5 M KHCO3; and 0.05 M KCIO,4 was used
for CO,RR to ethanol. The background spectrum was obtained
at the open circuit potential before each measurement. Then, ab-
sorption spectra at different potentials with a spectral resolution
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of 4 cm~" were collected. In the spectrum, a negative peak indi-
cates the production or increase of a substance or functional
group. The spectrum was collected after 2 min for each potential.
The corresponding current responses recorded during the in situ
ATR-FTIR measurements in different electrolytes have been
added in Figure S43.

In situ XAS spectroscopy

The in situ Cr K-edge and Ag K-edge XAS spectroscopy were
collected on the beamline BL11B of the SSRF. For the in situ
XAS measurements, the WE was prepared according to the
“preparation of WEs” section, and a Au wire and a saturated
calomel electrode were used as the CE and the RE, respectively.
An in situ electrochemical cell with polyimide film windows
(XAFS-2, Gaossunion, China) was used, and the spectra were
collected in fluorescence mode under potentiostatic conditions.
The spectrum was collected after 5 min of stable operation for
each potential. The corresponding current responses recorded
during the in situ XAS measurements have been added in
Figure S44. The data reductions of the experimental spectra to
normalized XANES and Fourier-transformed radial distribution
functions (RDFs) were performed through the standard XAS
procedure.

Computational details
All the DFT calculations were performed using the Vienna Ab-in-
ito Simulation Package (VASP). The exchange-correlation ef-
fects were described by the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA)
method.*®*° The core-valence interactions were treated using
the projected augmented wave (PAW) method.”' The energy
cutoff for plane wave expansions was set to 400 eV, and the
3 x 3 x 1 Monkhorst-Pack grid k-points were employed to sam-
ple the Brillouin zone integration. Structural optimization was
carried out with energy and force convergence criteria set to
1.0 x 107* eV and 0.05 eV A", respectively.

The Gibbs free energy change (AG) of the reaction steps was
calculated by the computational hydrogen electrode (CHE)
model:

AG = AE+AZPE — TAS,

where AE is the electronic energy difference directly obtained
from DFT calculations, AZPE is the zero-point energy difference,
T is the room temperature (298.15 K), and AS is the entropy
change. ZPE (zero-point energy) could be obtained after fre-
quency calculation by®?:

1
ZPE = EZhv,
And the TS (T is the temperature and S is the entropy) values of

adsorbed species are calculated according to the vibrational
frequencies®®:

| 1 hv 1 1
;n 1 _ e-v/keT + 8 kBiT ekl — 1) +17,

where kg is the Boltzmann constant, h is the Planck constant,
and v stands for vibrational frequency.

TS = kgT
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AIMD simulations were performed using the freely available
CP2K/Quickstep package. The PBE density functional with the
Grimme D3 dispersion correction was used.**°° The 2s, 2p elec-
trons of C, N, and O; the 3s, 3p electrons of P and Cl; and 4s and
3d electrons of Cr were treated as valence, and the rest of the
core electrons were represented by Goedecker-Teter-Hutter
(GTH) pseudopotentials.®* The Gaussian basis set was double-
¢ with one set of polarization functions (DZVP-MOLOPT-SR-
GTH),*® and the plane wave cutoff was set to 400 Ry. AIMD
simulations were run with the constant-volume and constant-
temperature ensemble by the CP2K package. The temperature
was set to 300 K, and the time step was setto 0.5 fs. A nose-hoo-
ver thermostat was applied for temperature controlling. AIMD
trajectories of about 80 ps were generated to compute the den-
sity profiles of O and H.
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