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Abstract

The electrochemical reduction of CO, (CO,RR) to formic acid (HCOOH) is both economically viable and technically
promising for industrial applications. However, current catalysts for HCOOH production exhibit substantial overpo-
tentials to achieve industrial production rates. This limitation stems from the relatively low activity for solvent-water
activation of high HCOOH-selective catalysts, e.g., Bi and Sn, which in turn leads to a high energy barrier for the hydro-
genation of CO,-to-*HCOO intermediates. Here, we report the exclusive CO,-to-formate conversion on Zn, a well-
known CO-selective catalyst with moderate hydrogen evolution activity, via atomic indium oxide domain (In,Oy)
functionalization. The catalyst demonstrates Faradaic efficiencies for HCOOH exceeding 90% across a wide voltage
range. Impressively, it required merely —1.49V vs. RHE to deliver an activity of —1000 mA cm™ with current efficiency
of ~94%, showing much improved cathodic energy efficiency (~45%) compared with that of conventional alterna-
tives. Mechanistic studies revealed that the incorporation of atomic In,O, domains into Zn shifts the CO, adsorption
configuration on the surface from bent to linear, thereby driving the selectivity inversion from CO to HCOOH. In; Oy
domains further modulate the electronic structure of Zn and its adsorption properties, resulting in highly active
Zn®* sites, which are conducive to the stabilization of *HCOO intermediates and yield enhanced activity. This work
establishes the concept of bridging-atom-mediated single-atom modulation, offering new insights into the design
of efficient and sustainable systems for CO, electrolysis and beyond.
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1 Introduction

The electrochemical reduction of CO, (CO,RR) repre-
sents a promising avenue for sustainable chemical syn-
thesis, enabling the transformation of a greenhouse gas
into valuable fuels and feedstocks [1]. Among the wide
spectrum of potential CO,RR products, formic acid
(HCOOH) stands out for its economic feasibility and
scalability in industrial applications [2]. In this context,
substantial efforts have been devoted to designing cata-
lysts that can selectively convert CO, into HCOOH. Early
studies empirically classified catalysts into categories,
identifying gold (Au), silver (Ag) and zinc (Zn) as CO-
selective, whereas lead (Pb), bismuth (Bi) and indium (In)
were associated with HCOOH selectivity [3—-5]. While
this empirical framework provided a foundation for cata-
lyst development, it also imposed rigid boundaries that
constrained further exploration. Recent studies on single-
atom alloy (SAA) catalysts have demonstrated that selec-
tivity on a host metal can be fundamentally redirected by
isolated dopant atoms that serve as electronic modula-
tors rather than active sites, as exemplified by Pb,Cu for
formate and Sb,;Cu for CO production in our previous
reports [6, 7]. However, in the reported SAA systems, the
dopant atom directly bonds to the host metal, and modu-
lation is confined to the nearest-neighbor shell. A ques-
tion thus arises: can single-atom modulation be extended
beyond direct metal-metal contact to achieve selectivity
control through indirect electronic coupling?

To address this question, it is instructive to first con-
sider the mechanistic basis of selectivity. Advances in
theory and spectroscopy have revealed that the selectiv-
ity for CO or HCOOH is governed by the stabilization of
specific intermediates: *COOH for CO and *HCOO for
HCOOH [8]. A significant challenge in optimizing cata-
lysts for HCOOH production lies in the fact that metals
with favorable *HCOO binding strengths often exhibit
low activity in solvent—water activation [4, 9], thus lim-
iting the overall efficiency. For example, conventional
formate-producing metals, such as Pb and In, possess
relatively inert surfaces for hydrogen adsorption, such
that negligible amounts of hydrogen can adsorb at poten-
tial where CO, is reduced [3], consequently resulting in
substantial overpotentials in the CO,RR [5, 10, 11]. These
outcomes have, therefore, inspired new approaches
focused on shifting the balance between CO, and water
activation. Previous studies have shown that the sulfur
doping strategy plays a role in accelerating water activa-
tion among traditional formate-producing catalysts dur-
ing the CO,RR [12, 13]. Nevertheless, owing to the weak
binding strength of sulfur—-metal bonds, atom leaching
still occurs and subsequently leads to destructive struc-
tural collapse and stability attenuation [14, 15]. An alter-
native strategy is to redirect CO-selective catalysts that
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already possess moderate hydrogen evolution reaction
(HER) activity, rather than attempting to accelerate water
activation on intrinsically sluggish formate-producing
metals. We therefore turn our focus to Zn, a prototypi-
cal CO-selective catalyst that is abundant, cost-effective,
and widely studied for the CO,RR [3, 5, 16]. Moreover,
Zn (with negative AH*-ACOOH*) also has advantages
in water activation, which might realize energy-efficient
HCOOH production under high production rates [4, 16,
17].

Herein, we report a HCOOH-selective Zn catalyst by
introducing atomic indium oxide domains (In;Og4) into
a Zn matrix (Fig. 1a), denoted In;(O)Zn. Unlike conven-
tional single-atom alloys in which the dopant directly
contacts the host metal, here we establish abundant Zn®*
active sites in In;(O)Zn catalysts through the incorpo-
ration of atomic indium oxide domains [6, 7, 18]. Since
In-based species are prone to oxidation, they can pre-
serve an oxygen-coordinated In,O, environment under
cathodic potentials, thereby enabling an indirect modula-
tion pathway through In-O-Zn bridging bonds [19-21],
leading to enhanced structural stability during opera-
tion conditions. The resultant catalyst shows impressive
performance, achieving a Faradaic efficiency (FE) for
HCOOH production above 90% across a wide voltage
range (—1.01 to —1.49 V vs. RHE), with a peak efficiency
of 94% at a current density of —1000 mA cm™2. Spec-
troscopies and theoretical simulations revealed that the
incorporation of the atomic In;O4 domain modulates the
electronic structure of the Zn matrix, lowers the energy
barrier for *HCOO formation, and thus facilitates for-
mate desorption. When integrated in a porous solid elec-
trolyte (PSE) reactor, it demonstrates stable performance
for producing pure formic acid, maintaining an FEj-qon
of ~92% for over 260 h at —50 mA cm™2 This work estab-
lishes the concept of bridging-atom-mediated single-
atom modulation, wherein a dopant atom tunes the host
metal indirectly through a heteroatom bridge, offering
new insights into the design of efficient and sustainable
systems for CO, reduction.

2 Results and discussion

2.1 Zinc catalyst fabrication and characterization

The zinc catalyst was synthesized via the co-reduction of
a Zn?* and In®* precursor (see Methods). X-ray diffrac-
tion (XRD) analysis revealed a pure ZnO crystal struc-
ture (PDF 89-0510, Fig. S1), excluding the formation of
In nanoparticles. The incorporation of In was verified
by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES), which revealed that the In content
was 4.7 at% (labeled as ~5% In content sample, Table S1).
This result is consistent with the X-ray photoelectron
spectroscopy (XPS) data, which further validated the
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Fig. 1 Structural characterization of the In,(0)Zn catalyst. a Schematic illustration of CO,-to-formate conversion over the catalyst surface. b, ¢
HAADF-STEM image and STEM-EDS mapping of In and Zn. The yellow circles highlight In single atoms. d Ex situ EXAFS spectra at the In K-edge

of the In,(0)Zn catalyst. e Operando Zn K-edge XAS spectra of the In,(0)Zn catalyst under applied potentials during the CO,RR. The Zn foil is shown
as a reference. All potentials were calibrated to the RHE scale. f In situ and ex situ In K-edge XANES profiles of the In;(0)Zn catalyst. Owing to the low
content of In, the in situ In K-edge signal quality was unsatisfactory. Here, we compared only the XANES profiles to analyze the degree of oxidation

successful doping of In into the Zn matrix (Fig. S2).
Transmission electron microscopy (TEM) revealed
spherical Zn nanoparticles with diameters of approxi-
mately 50-60 nm (Fig. S3). High-angle annular dark-field
scanning transmission electron microscopy (HAADEF-
STEM) combined with energy-dispersive X-ray spectros-
copy (EDS) provided insights into the atomic structure
of the catalyst. HAADF-STEM images (Fig. 1b) revealed
the atomic dispersion of In single atoms within the Zn
matrix, highlighted by yellow circles. STEM—EDS map-
ping (Fig. 1c) further confirmed the uniform distribution
of In within the ZnO spheres, with no evidence of aggre-
gation. Moreover, large-scale EDS mapping ruled out the
presence of In particles (Fig. S4). Together, these analyses
suggested the successful incorporation of atomically dis-
persed In into the Zn matrix.

To gain a detailed understanding of the coordina-
tion environment of the In dopant in the as-prepared
Zn catalyst, extended X-ray absorption fine struc-
ture (EXAFS) measurements were conducted at the In
K-edge. Previous structural data for the In,O; crystal
revealed an In-O contribution at~2.15 A, and a 2nd-
shell In—In bond distance of~3.34 A which is typical

of In-(O)-In coordination [22]. As shown in Fig. 1d, the
dominant peak at approximately 2.14 A corresponds to
the In-O bond. The absence of a signal at around 2.7 A
[23], characteristic of In—-In bonds in clusters, indicates
that In dopants should exist as single atoms within the
Zn matrix. In addition, a notable contribution at ~3.24 A
was observed, which was attributed to the In-Zn inter-
actions in the 2nd-shell, distinctly shifted from the 2nd-
shell In-In interaction. This observation unambiguously
established the formation of In-(O)-Zn bridging coordi-
nation in the catalyst, which was further supported by
the wavelet transform (WT) of the In K-edge EXAFS
(Fig. S5). Detailed EXAFS simulations and fitting results,
summarized in Table S2, accurately revealed the forma-
tion of atomic indium oxide domains (In;Og in average)
within the Zn catalyst, denoted In,(O)Zn.

In an effort to elucidate the electronic structure and
monitor the dynamic evolution of the catalysts under
CO,RR conditions, we conducted operando X-ray
absorption spectroscopy (XAS) studies. Operando Zn
K-edge XAS profiles (Fig. 1e) revealed that the Zn matrix
in the In,(O)Zn catalyst underwent gradual reduc-
tion under increasingly negative cathodic potentials.
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However, the Zn matrix retained partially electron-defi-
cient states throughout the reaction, presumably attrib-
uted to its electronic interaction with the atomic In;Og
domains (Figs. 1e and S6). In stark contrast, pristine-Zn
was fully reduced to a metallic state during the CO,RR
(Fig. S7). To further elucidate the changes in the elec-
tronic state of the In dopants during the CO,RR, an
operando XAS study was performed at the In K-edge.
A comparison of the in situ and ex situ XANES pro-
files (Fig. 1f) revealed that the electronic state of the In
single atoms in the In;(O)Zn catalyst remained largely
unchanged and was sustained in an oxidized state after
one hour of electroreduction. Additionally, the profiles of
in situ and ex situ y(k) data in the k-space (Fig. S8) were
basically matched, except for the signal quality during in
situ experiment. These findings align with the operando
Zn K-edge XAS results (Fig. 1le), confirming the robust-
ness of the atomic In; O, domain under electrochemical
conditions.

Considering that the as-obtained In;(O)Zn was mainly
oxidized during synthesis (Figs. S1-2), temperature-
programmed reduction with hydrogen (TPR-H,) was
conducted (Fig. S9) to monitor the initial oxygen con-
tent of the pristine-Zn and In;(O)Zn samples. The results
revealed that the initial oxygen content of the In,(O)Zn
catalyst was~18.9 wt%, which was slightly greater than
that of Zn (~17.8 wt%). We further employed an in situ
electrochemical quartz crystal microbalance (EQCM) to
quantitatively analyze the changes in the oxygen content
of different catalysts during the electroreduction process
[24]. Under cathodic potentials, these catalysts undergo
a reduction process during which oxygen atoms leach
out, resulting in gradual weight loss [25]. As shown in
Fig. S10, the weight loss for the In,(O)Zn catalyst (6044.2
Hz,~7 wt%) was significantly smaller than that for pris-
tine-Zn (19573.6 Hz, ~ 20 wt%). The much lower weight
loss observed for In;(O)Zn during the EQCM analysis
indicates its greater stability against reduction, and fur-
ther corroborated the operando XAS study in which
the atomic In;O, domains remained stable during the
CO,RR.

2.2 Zinc-catalyzed CO,-to-formate conversion

The CO,RR catalytic performance of the In,;(O)Zn cata-
lyst was evaluated using a standard three-electrode flow
cell system with 0.5 M KHCO; as the electrolyte (see
Methods). Gas chromatography (GC) was employed to
analyze the gas products, whereas ion chromatogra-
phy (IC) and nuclear magnetic resonance (NMR) spec-
troscopy were used to quantify the liquid products. As
shown in Fig. 2a, b, the FE; ... remained above 90%
across a wide potential range from —1.01 to—1.49 V vs.
RHE. At merely —1.49 V vs. RHE, the In;(O)Zn catalyst
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could deliver a very high activity of —1000 mA cm™
with an impressive FEg .. of ~94%. Notably, the com-
peting hydrogen evolution reaction (HER) and CO gen-
eration were suppressed to below 7% throughout the
CO,RR process. In stark contrast, without atomic In;Og
domains, pristine-Zn behaves as a typical CO-selective
catalyst (Fig. 2a, b), which is in complete agreement
with previous reports [3, 5, 14, 15]. The In catalyst deliv-
ered notably inferior performance for electrochemical
CO,-to-HCOOH conversion than did In;(O)Zn (Fig. 2a,
b).

We thus sought to link such a selectivity reversal and
activity enhancement directly to the impact of the atomic
In,O4 domains formed in the In;(O)Zn catalyst. First, to
rule out contributions from the electrochemically active
surface area (ECSA), we measured the ECSAs of all the
catalysts (Fig. S11). The ECSA-normalization result
(Fig. 2c) revealed that the significantly increased per-
formance for CO,-to-HCOOH conversion on In,(O)
Zn stemmed from its intrinsic properties. To further
explore the influence of the atomic In;O4 domains, we
synthesized two controls with In contents of 2% and 13%
(Table S1). As shown in Fig. S12, both samples exhibited
inferior CO,-to-HCOOH conversion performance than
In;(O)Zn (5% In content), with lower formate selectiv-
ity and catalytic activity, as evidenced by the j-V curves
(Fig. S12c¢). Under the same cathodic potentials, In;(O)
Zn delivers higher activities up to —937 mA cm™ with
an impressive FEq ... of ~94%, while the others merely
achieved —834 and —918 mA cm ™2 current densities with
83% and 90% formate selectivity (separately for 2% and
13% samples). Moreover, when applying —1 A cm™ cur-
rent density, the overpotentials on 2% and 13% In(O)Zn
samples were 180 mV and 140 mV larger than In,(O)Zn,
respectively. We inferred that the reduced performance
of the 2%-In sample was attributed to insufficient active
sites due to limited atomic In;O4 domains, whereas the
13%-In sample experienced metal segregation (Fig. S13),
which disrupted the uniform geometric structure within
In,;(O)Zn. These comparisons, taken together, highlight
the critical role of the atomic In;O4 domains in the In,(O)
Zn catalyst.

We further investigated the water activation ability of
the as-obtained catalysts by monitoring their HER behav-
iors. As shown in Fig. 2d, pristine-Zn exhibited outstand-
ing HER catalytic performance compared with the other
two, indicating its superiority in water activation. We also
observed lower onset potential and higher HER activity
for In;(O)Zn compared to In catalysts, suggesting that
In,(O)Zn is more capable of water activation. After ECSA
normalization (Fig. S14), the above conclusion remained
unchanged. Together, these results indicate that our
strategy of utilizing Zn as a substrate is feasible, and the
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In,(O)Zn catalyst successfully stimulated the activation of
water. Through the optimization of water activation, the
overpotential for CO,-to-formate conversion was signifi-
cantly reduced, while the half-cell power conversion effi-
ciency (PCE) across various current densities was greatly
enhanced (Fig. 2e). Of note, the PCE remained at~45%
at —1000 mA cm™2 with an FE; ... above 90%, outper-
forming a wide range of reported catalysts (Table S3) [34,
35, 37-39]. We also evaluated the CO,RR performance
of the In,(O)Zn catalyst against reported state-of-the-art

Sn/Bi/In-based catalysts in typical flow cell systems with
a KHCO; electrolyte. As shown in Fig. 2f, the In;(O)Zn
catalyst achieved significantly higher formate current
densities at moderate overpotentials, demonstrating its
superior performance [26—36].

To elucidate the reaction mechanism for
CO,-to-formate conversion, kinetic analysis was con-
ducted. Tafel analysis (Fig. S15) revealed a slope of
127.3 mV dec™ for the In,(O)Zn catalyst, indicat-
ing that the first electron transfer of *CO, was the
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rate-determining step (RDS, Table S4) [40]. This value, electron transfer efficiency for In;(O)Zn [41]. Fourier-
which is significantly lower than the 270.3 mV dec™  transform alternating current voltammetry (FTacV)
observed for pristine-Zn, highlights the enhanced measurements (Fig. 3a, b) provided further insights
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into the electron transfer kinetics [42, 43]. The 5th har-
monic component, which is highly sensitive to fast het-
erogeneous electron transfer [44], exhibited a complex
response from 0 to —0.9 V vs. RHE corresponding to
CO,RR activity under CO,-saturated conditions on the
In;(O)Zn catalyst. Interestingly, however, no signals
related to HER were observed in the argon environ-
ment (Fig. 3a), implying that the H, generation on In,(O)
Zn was significantly inhibited. In contrast, pristine-Zn
showed a negligible response under CO, but a distinct
signal under Ar (Fig. 3b), linking it to its inferior CO,RR
ability but superior HER activity. These results sug-
gested that the atomic In;O4 geometry suppresses the
HER while promoting CO,-to-formate conversion on
In;(O)Zn. To further probe the electron transfer pro-
cess, stepwise simulations were conducted (Fig. S16)
[45]. The standard rate constant for the one-electron
CO,-to-*CO," step was calculated to be one-seventh that
of the *COOH-to-*COOH" step, identifying the former
as the RDS. On the basis of the fitting transfer coefficient
(a=0.45) for CO,-to-*CO,~, the calculated Tafel slope of
131 mV dec™ closely matched the experimental value of
127.3 mV dec™?, validating the simulation. In addition,
the formation potentials for the first (E;; =—0.49 V) and
second (E,,=—0.46 V) electron transfer steps confirmed
that the first step is more energetically demanding, rein-
forcing its identification as the RDS (Fig. 3c).

To decipher the reaction pathway on the catalysts,
in situ Raman spectroscopy was conducted to track the
evolution of the reactive intermediates. Figure 3d shows
the in situ Raman spectra acquired for the In,(O)Zn,
pristine-Zn and In catalysts under negative sweep poten-
tials from 0 to —1.3 V vs. RHE. Two peaks at 1350 and
1580 cm™! associated with D and G bands from the gas
diffusion layer were observed on all catalysts (marked
with orange squares above). The intensities of these two
peaks were slightly interfered by H, gas bubbles from the
HER on both pristine-Zn and In catalysts. For the In;(O)
Zn catalyst, peaks at 1160 and 1540 cm™ (marked with
red dashed lines), associated with carboxylate species
that form formate [46—48], were observed. Both peaks
were also observed for the In catalyst but continuously
increased with overpotential. Notably, at —1.3 V vs. RHE,
the peak intensity of carboxylate species at 1540 cm™
was strikingly prominent on In catalyst. Such over-accu-
mulation of intermediates would result in the poisoning
of active sites on catalyst surface, consequently lower-
ing the overall catalytic activity and inhibiting formate
generation. By contrast, for In;(O)Zn, these peaks at
1160 and 1540 cm™! initially increased but then gradu-
ally decreased, reflecting the swift desorption of inter-
mediates on atomic In;Og domains modified Zn matrix.
The above comparisons indicate the distinct adsorption
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behaviors of formate intermediates on In;(O)Zn versus
In catalyst. In comparison, pristine-Zn merely showed
a peak at 2000-2100 cm™! related to CO* intermediates
(marked with the blue dashed line) [49, 50], whereas no
formate-related signals were observed, consistent with
predominant CO formation. To corroborate these find-
ings, in situ attenuated total reflection surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) was
also employed to examine the adsorption of chemical
intermediates. As shown in Fig. 3e, both Zn and In;(O)
Zn exhibited peaks at ~ 1650 and 1450 cm™, correspond-
ing to H-O-H species and *COOH/*HCOO, respec-
tively [51-53]. The more intense peak at ~1650 cm™ for
Zn indicates superior H,O activation [54], which aligns
with its greater H, formation during the CO,RR. For
In,(0)Zn, the *HCOO peak at 1450 cm™! decreased with
increasing overpotential, suggesting easier desorption of
this intermediate. Additionally, the ATR-SEIRAS spectra
(Fig. 3f) revealed a strong CO signal (2000-2100 cm™")
for Zn [55], whereas this signal was negligible for In;(O)
Zn, which was correlated with CO production from Zn
and formate generation from In;(O)Zn. These findings
confirm that the atomic In;O4 domain alters the adsorp-
tion behavior of intermediates on Zn, suppressing CO
and H, production while promoting formate selectivity.

3 Theoretical simulation

Density functional theory (DFT) calculations were per-
formed to further elucidate the atomistic origin of the
selectivity difference between pristine-Zn and In;(O)Zn.
The Zn (101) facet (Fig. S17a) was chosen to model the
pristine-Zn catalyst, as it has been identified as the active
surface for the CO,RR [56, 57]. For In;(O)Zn, experimen-
tal EXAFS characterization revealed an In-O coordina-
tion number (CN) of approximately 6 (5.8) (Table S2).
Accordingly, a single In atom coordinated with six oxy-
gen atoms (In;O,) was embedded into the Zn (101)
surface to model In;(O)Zn (Fig. S17b). After geometry
optimization, the average bond lengths of In-O and In-
Zn in the In,(0)Zn model are 2.24 and 3.24 A (Table S5),
respectively, which are consistent with the experimental
results (2.14 and 3.24 A). Bader charge analysis revealed
that the Zn atoms adjacent to oxygen exhibited positive
charges (¢=0.43 ~ 0.65) (Fig. 4a), echoing the experimen-
tally observed Zn®" species.

To further investigate the catalytic properties of pris-
tine-Zn and In,(O)Zn for the CO,RR, we conducted DFT
calculations to analyze the adsorption energies (E,4)
of the intermediates and the corresponding transition
states (Figs. 4b, ¢ and S18-19). Under explicit solvent
and electric field conditions, the E_4 values for In;(O)Zn
are more positive than those for pristine-Zn, indicating
weaker adsorption strengths for intermediates on In,(O)
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transition state (TS) on Zn and In,(O)Zn, respectively. d, e Free energy diagrams of the CO,RR to HCOOH and CO and the HER on Zn and In,(0)Zn
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Zn (Table S6). A notable distinction in *CO, adsorption
behavior is observed: *CO, adopts a bent configuration
on pristine-Zn but remains linear on In;(O)Zn, which
constitutes the structural origin of the selectivity inver-
sion from CO to formate (Fig. 4b, c). For Zn, bent *CO,
bonds through one C atom and one O atom, imposing
steric constraints that kinetically hinder *HCOO for-
mation, resulting in a high energy barrier (E,=0.63 eV)
(Fig. 4d). In contrast, *COOH formation on Zn is bar-
rierless (Fig. 4d), with subsequent protonation to *CO
(E,=0.23 eV) and *CO desorption (E,=0.11 eV) being
more favorable, leading to CO as the dominant prod-
uct. For In;(O)Zn, linear *CO, avoids steric hindrance,
enabling facile formation of both *HCOO and *COOH
(Fig. 4c). However, *HCOO formation is more exother-
mic, with a lower energy barrier (E,=0.13 eV) than
*COOH formation (E,=0.21 eV), favoring formate pro-
duction. The barrier for the HER was also calculated.

In;(O)Zn showed a greater HER barrier (0.43 eV) than
did pristine-Zn (0.37 eV), which is consistent with the
reduced HER FE for In;(O)Zn. Microkinetic simulations
were used to quantify the CO,RR selectivity of In;(O)
Zn, yielding Faradaic efficiencies of 89.9% for HCOOH,
4.1% for CO, and 6.0% for H,, which closely aligns with
the experimental results (Fig. 4f). To understand the elec-
tronic origin of this contrasting adsorption geometry,
charge density difference analyses were performed. On
Zn, remarkable electron transfer occurs from the catalyst
surface to adsorbed *CO, (Fig. 4g), rendering *CO, bent
and thus bonding to Zn with C atoms. In contrast, on
In,(O)Zn, electrons are transferred primarily to adjacent
oxygen atoms, inducing Zn®" species and stabilizing lin-
ear *CO,, which favors formate production (Fig. 4h). For
comparison, the CO,RR on In electrode was also modeled
(Fig. S20). Although *COOH formation is more kineti-
cally facile than *HCOO, the subsequent protonation to
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*CO is hindered by a high barrier of 0.47 eV, resulting in
low activity and selectivity for CO production (Fig. 4i).
Microkinetic simulations revealed that the In surface is
blocked by *COOH during the CO,RR (Fig. S21) because
of the fast production (E,=0 eV) but sluggish conversion
(E,=0.47 eV) of *COOH, explaining the experimentally
observed continuous accumulation of carboxylate species
(Fig. 3d).

4 Practical application

Having established the mechanistic basis for the selectiv-
ity inversion, we next assessed the stability of the as-syn-
thesized In;(O)Zn catalyst for practical applications. A 4
cm? electrode device with a proton-conducting PSE was
utilized to produce pure HCOOH solution (Fig. $22). At
a current density of =50 mA cm™?, the In;(O)Zn-based
solid-state reactor exhibited stable operation for over
260 h, maintaining an average FE, oo above 90% (Fig.
S23). An average concentration of ~59 mM pure formic
acid solution was demonstrated in the PSE reactor at
approximately 3.7 V (Fig. S24). In addition, the In;(O)Zn
catalyst delivered a maximum full-cell energy efficiency
of 51% from electricity to generate pure formic acid solu-
tion. This performance surpasses that of many reported
bulk Sn/Bi/In-based catalysts for CO,-to-HCOOH con-
version (Table S7), demonstrating the superiority of our
In;(O)Zn catalyst in terms of selectivity and stability for
further practical applications [27, 29, 30, 58—64]. Moreo-
ver, the absence of significant potential drops during the
260-h stability test highlights the robust durability of the
In;(O)Zn catalyst under catalytic conditions. Post-catal-
ysis microscopic analysis further confirmed the robust-
ness of the atomic In,Og structure (Figs. S25-26), along
with post-reaction XPS analysis (Fig. S27). The above
characterization results, taken together, showcased the
enduring structural stability of In;(O)Zn catalyst after
long-term electrolysis.

5 Conclusion

In summary, we have demonstrated that the selectiv-
ity of Zn, a prototypical CO-producing catalyst, can be
completely inverted to exclusive formate production
through the incorporation of atomic In;O, domains.
In situ XAS and EQCM analyses revealed the pres-
ence and stability of Zn®" sites, which play pivotal roles
in enhancing CO,RR performance. The In;(O)Zn cata-
lyst demonstrated high formate selectivity, maintaining
Faradaic efficiencies above 90% across a wide potential
range, with a maximum FE; ... of 94% at a current den-
sity of —1000 mA cm™% Mechanistic studies suggested
that this selectivity shift was induced by the incorpo-
ration of atomic In;O4 domains, which modulate the
electronic structure of Zn to favor *HCOO formation.
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More broadly, this work introduces the concept of
bridging-atom-mediated modulation, in which a single
dopant atom tunes the host metal indirectly through a
heteroatom bridge: a fundamentally different paradigm
from conventional single-atom alloys that rely on direct
metal-metal contact. This strategy may offer a general
approach for redirecting selectivity in electrocatalytic
systems beyond CO, reduction.
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