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ABSTRACT

Electrochemical CO, reduction with renewable electricity offers a promising path for accessing carbon-neutral liquid chemicals.

Although post-transition metals, especially tin (Sn), are intrinsically selective for formate, most catalysts still require high

overpotentials to reach industrially relevant current densities and lose activity under sustained operation. Here, we report a single-

atom alloy catalyst, comprising isolated cobalt (Co) atoms in a Sn matrix (Co,Sn), that drives CO,-to-formate with near-unity

selectivity at high rates. Co;Sn achieves an FEg,,,.... of up to 99% at current densities exceeding —1 A cm~2. At current densities

ranging from —100 to —1000 mA cm~2, Co,;Sn maintained >92% formate selectivity. When integrated in a porous solid electrolyte

reactor, a continuous production of pure formic acid was enabled for 130 h at a current density of —50 mA cm~2 with an FEycoon

of ~95%. In situ spectroscopy and theoretical simulation demonstrated that the incorporation of single Co atoms finely tuned

the electronic structure of the Sn matrix, enhanced CO, activation, and lowered barriers along the O-bound *OCHO pathway,

thereby facilitating formate generation. This work resolves the rate-selectivity-durability trade-off in formic acid electrosynthesis

by leveraging a single-atom alloying strategy.

1 | Introduction

The electrochemical reduction of carbon dioxide (CO,RR) is
a promising approach to mitigate climate change by closing
the carbon loop and producing value-added chemicals using
renewable electricity [1-3]. Among the possible CO,RR products,
formic acid (HCOOH), often obtained as formate (HCOO™) in

solution, stands out as particularly attractive due to its wide range
of industrial applications and favorable energy economics [4-
6]. Formic acid is used extensively in pharmaceutical synthesis,
agriculture, leather processing, and electrolytic metal refining,
and it has even been proposed as a hydrogen carrier (containing
~53 g H, per liter) for fuel cells [ 7]. Its high market value relative to
its energy content (on a cents per kWh basis) makes HCOOH one
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of the most economically viable products from the CO,RR. These
considerations have driven substantial interest in developing
efficient electrocatalysts for CO,-to-formate conversion.

Many post-transition (p-block) metals are known to catalyze
the CO,RR toward formate with high selectivity. In particular,
tin (Sn), bismuth (Bi), indium (In), lead (Pb), and mercury
(Hg) electrodes favor the production of formate/formic acid
over CO or hydrocarbon products [8-13]. Among these mate-
rials, Sn-based materials have emerged as especially promising
formate producers owing to their low cost, earth abundance,
and relative environmental benignity [14-17]. On Sn surfaces,
stabilization of the O-bound *OCHO intermediate facilitates
the first proton-coupled electron transfer to CO, and promotes
formate formation [18, 19]. However, pristine Sn catalysts still
suffer from several critical limitations that hinder their practical
application. Notably, the subsequent reduction of *OCHO to
formate requires a high thermodynamic driving force on Sn,
leading to large overpotentials and low energy efficiencies [18, 20,
21]. Sn also binds *COOH and *H intermediates only moderately,
which means that competing pathways to CO and H, are not
fully suppressed [18]. As a result, typical Sn electrodes achieve
faradaic efficiencies (FEs) for formate on the order of ~80%-—
85% under optimal conditions, with the remainder lost to H,/CO
byproducts [22-24].

One promising strategy to overcome these limitations is to
finely tune the surface chemistry of the catalyst via single-atom
alloying. By incorporating isolated heteroatoms into a host metal
matrix, one can modulate local electronic states and adsorption
energetics with atomic precision while avoiding secondary phases
and maximizing metal utilization [6, 25, 26]. The presence of a
heterogeneous metal atom in the local environment can alter the
binding energy of intermediates such as *OCHO and *COOH,
which in turn boosts activity and selectivity [27]. For instance,
doping p-block metals with a small amount of transition metal
has been reported to shift the p-band center of the host closer
to the Fermi level, facilitating CO, adsorption and activation
[28]. Cobalt (Co) is an attractive dopant, being a low-valence
3d transition metal with an electron-deficient character that
withdraws electron density from the Sn lattice [28, 29]. We
therefore anticipate that isolated Co atoms embedded in the Sn
matrix would induce charge transfer and electronic perturbations
that promote CO, reduction to formate.

Herein, we present a Co,Sn single-atom alloy (SAA) catalyst,
featuring Co atoms atomically dispersed in a Sn matrix, that
achieves highly efficient and selective conversion of CO, to formic
acid. The Co,Sn catalyst demonstrates an outstanding formate
selectivity > 92% (up to 99%) across a wide cathode potential
window (from —0.83 to —1.33 V vs a reversible hydrogen electrode,
RHE), while delivering current densities of up to —1000 mA
cm™2. In situ spectroscopic analysis and density functional theory
calculations reveal that the incorporated Co atoms help to activate
CO, and optimize the energetics of the reaction intermediates
(CO,~ and *OCHO), lowering the energy barrier for formate
formation. When integrated into a porous solid-state-electrolyte
(PSE) reactor, the Co,;Sn SAA exhibits remarkable long-term
stability, continuously producing pure formic acid over >130 h of
operation at a current density of —50 mA cm™2 with an FEycoon
of approximately 95%.

2 | Results and Discussion

The Co;Sn SAA catalyst was prepared through a facile one-
step reduction of metal chlorides with NaBH, (see the Sup-
porting Information). Powder X-ray diffraction (PXRD) shows
reflections indexed to tetragonal Sn (PDF 86-2264) with no
additional peaks attributable to Co-containing phases (Figure 1a),
excluding crystalline Co clusters within the detection limit.
Transmission electron microscopy revealed nearly spherical par-
ticles with diameters of 60-100 nm (Figure S1). High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image combined with energy-dispersive X-
ray spectroscopy (EDS) mapping (Figure 1b; Figures S2 and
S3) revealed that a spatially uniform Co signal colocalized
with Sn across the particles. The concentration of the Co
component of the as-synthesized sample was ca. 1.0 at%, as
determined by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES). X-ray photoelectron spectroscopy (XPS)
reconfirmed the presence of Sn and Co (Figure S4), with a
slight degree of surface oxidation. The above results, taken
together, demonstrate that Co was homogeneously distributed
in the Sn matrix, which is consistent with a single-atom
alloy.

To resolve the local coordination and electronic state of Co
under reaction conditions, we carried out in situ X-ray absorption
spectroscopy (XAS) during the CO,RR. Figure 1c shows the Co K-
edge normalized absorption spectra of the Co,Sn catalyst under
different applied potentials, with Co foil as a reference. The Co
K-edge X-ray absorption near-edge structure (XANES) of Co,Sn
at the open-circuit potential closely matches that of metallic
Co, in accordance with ex situ characterization. Upon applying
increasingly negative potentials, XANES featured a slight edge
shift to lower energy, which was consistent with an increase
in electron density at Co sites (Figure 1c; Figure S5, detailed
data processing procedures are provided in the Supporting
Information). Extended X-ray absorption fine structure (EXAFS)
analysis further confirmed the single-atom configuration. The
Fourier-transformed EXAFS spectra exhibited a dominant shell at
~2.66 A assignable to Co-Sn scattering across the entire potential
range (Figure 1d,e; Figure S6 and Table S1) [30]. Quantitative
fitting yielded Co-Sn coordination without any detectable Co-
Co contribution near ~2.49 A (Figure S7 and Table S2) [31]. The
absence of a Co-Co path, combined with PXRD and STEM/EDS,
excludes Co aggregation within the sensitivity of these techniques
and verifies that Co remains atomically dispersed in the Sn
lattice during operation. We next assessed how Co incorporation
perturbs the Sn electronic structure. Ultraviolet photoelectron
spectroscopy (UPS) showed a measurable shift in the valence-
band center and work function relative to those of pristine Sn
upon Co addition (Figure 1f). The downshift of the Sn p-band
center evidenced charge transfer from Sn to Co. This result
established charge redistribution between Sn and Co, providing
a mechanistic basis for the formate-selective activity described
below.

The catalytic CO,RR activities of the Co,;Sn and pristine Sn
catalysts were evaluated in a standard three-electrode flow cell
system with 0.5 M KHCO; as the electrolyte (see Methods and
Figure S8). The gas products were analyzed by gas chromatog-
raphy (GC), and the liquid products were analyzed via ion

20f9

Advanced Materials, 2026

B5UB9 |7 suoLIWD aA1Ea.D a|geal|dde auy Aq pausenob ake sapie YO ‘8sn JoSajn 1oy Aeld)T auluQ A3|IM UO (SUONIPUOD-PUE-SLUBI/W0Y A3 | 1M ARIq 1 pu1uo//Sd1y) SUONIPUOD pue sWwB | aY) 88S *[9202/50/2T] uo Arlgiauljuo A3)IMm euyd JO ABojouyds | puy a0usIos 21LoNB (T JO ASPAIUN AQ 6T/Z. BWPe/Z00T 0T/I0p/W0d’ 3| 1M Aleq | pulJuo"peoueApe// sy Woly pepeojumoq ‘6T ‘9202 ‘S60vTZST



_—
Q
~—

Co,Sn

Sn PDF#86-2264

Intensity (a.u.)

T T
10 20 30 40 50 60 70 80

2 theta (°)
(c)
Co K-edge —— OocP 14V
0.7V 13V
-0.9V —— Co foil

Intensity (a.u.)

7700 7710 7720

1 1 1 1 1

7600 7700 7800 7900 8000 8100 8200
Photon Energy (eV)

(e)

Co K-edge Experiment data
—— Fitting data
Window
g
N
In situ
0 1 2 4 5 6

3
R(A)

(b)

(d)

Co K-edge
-0.7V
09V
1.1V
1.3V
i —— Co foil
S
=
S
|_
L
1 1 1 1 1
0 1 2 3 4 5 6
R(A)
()
0 Co,Sn Sn
S
2
>
35
[0)
c
[0}
)}
£
ke
£10
[an]
15

Intensity (a.u.)

FIGURE 1 | Structural characterization of the Co,Sn catalyst. (a) PXRD characterization profile. (b) HAADF STEM-EDS mapping of Sn and Co. The
full image is provided in Figure S3. (c,d) In situ XAS and EXAFS spectra of the Co,Sn catalyst under applied potentials during the CO,RR. All potentials
were calibrated to the RHE scale. () Detailed in situ EXAFS simulation (k’-weighted) of the Co,Sn catalyst at —0.9 V versus RHE. Fourier transforms
were performed over a k range from 2.50 to 8.80 A~! using a Hanning window, while the R range was 1.25-3.15 A. f) UPS spectra of the pristine Sn and

Co;Sn catalysts.

chromatography (IC) and nuclear magnetic resonance (NMR)
spectroscopy. For both catalysts, formate was the only liquid
product detected (Figure S9), whereas minor amounts of H, and
CO were observed in the gas phase (Figure 2a). Co,Sn delivered
near-exclusive formate production over a broad operating win-
dow. The maximum faradaic efficiency for formate (FEq pace)
reached 99% at —0.89 V versus RHE with a current density of
—200 mA cm™2. Across current densities from —100 to —1000 mA

cm™2, FEg,mae remained above 92% (up to 99%) over potentials
ranging from —0.83 to —1.33 V versus RHE (Figure 2a,b). Even
at —1 A cm™ (-1.33 V vs RHE), Co,Sn maintained a formate
FE of approximately 93%, indicating robust selectivity at tech-
nically relevant rates. In contrast, pristine Sn required more
negative bias to approach peak selectivity and performed less
selectively overall: its highest FEg ... was ~92% at —1.23 V
versus RHE, and hydrogen evolution became pronounced at
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FIGURE 2 | CO,RR performance of the Co;Sn and Sn catalysts. (a) FEs of all CO,RR products at different current densities. (b) jiormate-V curves of
the two catalysts. The error bars in (a,b) correspond to the standard deviation of three independent measurements with 0.5 M KHCOj as the electrolyte.

(c) Tafel slopes for the Co;Sn catalyst at different CO, partial pressures. (d) jiormate-V curves of the state-of-the-art Sn-based catalysts in flow cell systems

during the CO,RR compared with those of the Co,Sn catalyst. Catalyst references reproduced from the Sn-Bi interface [15], S-CuSn [32], Cu-SnO, [33],
Sn NCs:S [34], and 3.8% Cu-SnO, [35]. (e) Stability test of the Co,Sn catalyst at a current density of —50 mA cm~2 in a PSE reactor without iR corrections.

elevated current densities. Partial current density-potential plots
for formate underscore the reduced overpotential and enhanced
CO,-to-formate conversion on Co,;Sn relative to Sn (jiormate-Vs
Figure 2b). During the CO,RR, the CO fraction in the gas phase
was modestly greater for Co,Sn (approximately 5-12%) than for
Sn (approximately 2-5%) while FEz, ;... remained dominant. This
disparity is probably derived from the incorporation of the Co
dopant, which tunes the electronic structure of the Sn matrix
and consequently influences its catalytic properties. To eliminate
the potential influence of the electrochemically active surface

area (ECSA), we quantified the ECSA from the double-layer
capacitance measured in the nonfaradaic region and normalized
the currents accordingly (Figure S10). After ECSA normalization,
Co,Sn still exhibited larger ji, . at identical potentials than
pristine Sn did (Figure S11), confirming that the performance
advantage arises from intrinsic catalytic enhancement rather
than surface area effects.

In situ differential electrochemical mass spectrometry (DEMS)
was employed to track the onset potentials of the gas product
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during the CO,RR process on both catalysts. As shown in Figure
S12, CO evolution appears at less negative potentials on Co,Sn
and increases steadily in concentration, which is consistent with
the slightly higher CO faradaic efficiencies observed in Figure 2a.
To assess the reaction kinetics for CO,-to-formate conversion,
we conducted Tafel analysis (Figure S13). Co,Sn exhibits a Tafel
slope of 119.2 mV dec™!, which is markedly smaller than that of
pristine Sn (288.5 mV dec™), suggesting faster reaction kinetics
on the Co-modified surface. In the context of the CO,RR, a Tafel
slope near 118 mV dec™ generally implies that electron transfer to
CO, is the rate-determining step (RDS) (Table S3) [36, 37]. Since
practical Tafel measurements can be influenced by transport and
data processing, we further examined Co,Sn under various CO,
partial pressures. In the kinetic regime, the Tafel slope increased
from 119.2 to 162.4 mV dec™! as the CO, partial pressure decreased
(Figure 2c), supporting the conclusion that CO, participates in the
RDS and that CO, adsorption/activation sensitivity underpins the
observed kinetics [38].

To benchmark the catalytic performance, we compared Co,Sn
with state-of-the-art Sn-based catalysts reported in neutral elec-
trolytes [15, 32-35]. As depicted in Figure 2d, Co,;Sn achieved
higher current densities at lower overpotentials than previously
reported counterparts. We then evaluated structural robustness
and device-level durability in a porous solid electrolyte (PSE)
reactor configured for pure formic acid production (Figure S14).
The Co,Sn catalyst sustained an FEycqoy 0f ~95% for 130 h at
a constant current density of —50 mA cm~2 without discernible
voltage decay (Figure 2e). An average concentration of ~0.028 M
pure formic acid solution was demonstrated in the PSE reactor
at approximately 4.0 V (Figure S15). In addition, the Co,Sn
catalyst delivered a maximum full-cell energy efficiency of 48%
from electricity to pure formic acid. Overall, this performance in
producing pure formic acid is competitive with the performance
of representative state-of-the-art In/Bi-based catalysts reported in
comparable PSE configurations (Table S4), highlighting the high
selectivity and operational stability of Co,Sn for practical CO,-
to-HCOOH electrosynthesis. In addition, post-operation charac-
terization by HAADF-STEM EDS and large-area EDS showed
that the single-atom alloy morphology was preserved, with Co
remaining homogeneously dispersed in the Sn matrix (Figures
S16 and S17). Elemental mapping did not reveal a resolvable
change in the ratio of Sn to Co after the 130 h test (Figure S18).
To further verify the structural robustness of this single-atom
alloy, we conducted XAS analysis after electrolysis. As depicted in
Figures S19 and S20 and Table S5, the post-reaction EXAFS profile
of Co,Sn presented only Co-Sn coordination at 2.66 A without
a Co-Co contribution, proving that Co sites remain atomically
dispersed after electrolysis. Taken together, these results establish
Co,Sn as a durable and intrinsically active electrocatalyst for
CO,-to-HCOOH conversion.

To elucidate the CO,-to-formate conversion pathway, we con-
ducted in situ Raman spectroscopy on pristine Sn and Co,Sn
during a cathodic sweep from —0.3 to —1.2 V versus RHE
(Figure 3a,b). Both catalysts exhibited two bands at ~1160 and
~1540 cm™!, assignable to carboxylate species associated with
formate formation during the CO,RR [39, 40]. These bands
were substantially more intense for Co,Sn, whereas weaker
signals appeared for Sn at more negative potentials, indicating a
higher surface coverage and/or production rate of formate-related

intermediates on the Co-modified surface. For both catalysts,
the band intensities rose and then decayed as the potential
approached —1.2 V versus RHE, which was consistent with the
progressive consumption/desorption of formate intermediates.
Notably, at —1.2 V versus RHE, the carboxylate signal remained
detectable on Co,Sn but was nearly absent on Sn, further
evidencing facilitated formate formation on Co,Sn. The band at
~1010 cm™! derived from the v(HCO,~) vibration was observed
for both catalysts during the CO,RR [41, 42]. An additional
band at ~1060 cm™, attributed to the v(CO;>") vibration [41,
42], emerged at less negative potentials on Co,Sn. After the
peak areas of these two species on pristine Sn and Co,Sn were
integrated, the ratios of CO,2>~/HCO,;~ under different cathodic
potentials were determined and are summarized in Figure S21. It
has been reported that a relatively high concentration of CO;>~
is associated with a relatively alkaline interfacial environment
[43, 44], a condition that correlates with suppressed hydrogen
evolution and a relatively high FE¢, ... for Co,Sn (Figure 2a).
In addition, to verify that the Sn phase remained metallic under
operating conditions, we monitored the Sn-O Raman signature.
No band near ~630 cm™ (symmetric Sn-O stretching) was
detected for Co,Sn (Figure S22) [13, 33, 45], suggesting that the
Sn phase of Co,Sn remained stable during the reaction.

Complementary in situ attenuated total reflectance surface
enhanced infrared absorption spectroscopy (ATR-SEIRAS) fur-
ther resolved surface intermediates (Figure 3c,d). Upon stepping
from —0.6 to —1.3 V versus RHE, an infrared band at 1410 cm™!
appeared for both catalysts, which was associated with the O-
C-0 vibration of *OCHO [20, 46]. Under the same background
intensity and signal-to-noise ratio, the band intensity of *OCHO
intermediates was higher for Co,Sn, suggesting greater surface
coverage of the adsorbed formate upon Co incorporation into Sn.
These ATR-SEIRAS spectra corroborate the in situ Raman results,
demonstrating facilitated formate generation on the Sn matrix of
Co,Sn.

To rationalize the enhanced CO,RR activity on Co,Sn, we further
performed density functional theory (DFT) calculations. The
Sn host was modeled in the tetragonal I4,/amd structure; the
simulated diffraction pattern (Figure S23) is consistent with the
experimental PXRD data (Figure 1a). The surface energetics were
evaluated for low-index terminations, followed by full relaxation.
The (001) facet undergoes mild reconstruction and has a lower
surface energy by ~0.01 eV A2 than the (100) and (010) facets
(Figure S24). Accordingly, (001) was taken as the predominant
exposed surface and as the host for isolated Co atoms.

In near-neutral or alkaline electrolytes, the proton source is water,
so hydrogen delivery proceeds either via an Eley-Rideal (ER) step
with direct H,O donation or via a Langmuir-Hinshelwood (LH)
route via *H formed by the Volmer step [47]. The free-energy
profiles for both pathways on Sn (001) and Co,Sn (001) are com-
pared in Figure 4a. On pristine Sn (001), CO, activation to *OCHO
along the ER pathway is thermodynamically preferred, which is
consistent with the experimentally observed formate selectivity.
For both the ER and LH sequences, the RDS is the second proton-
coupled electron transfer (PCET). The calculated overpotential
requirement corresponds to an applied potential more negative
than —0.95 V versus RHE to achieve substantial formate currents,
in agreement with the j-V behavior in Figure 2b. Introducing a
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Mechanistic studies of the electrochemical CO,-to-formate conversion of pristine Sn and Co,Sn catalysts. (a,b) In situ Raman spectra

at different potentials during the CO,RR. (c,d) In situ ATR-SEIRAS spectra at different potentials during the CO,RR. Both panels use the same Abs scale
and identical processing procedures. All potentials were calibrated to the RHE scale.

single Co atom into the (001) surface adds reactive 3d states that
strengthen the interaction with CO,RR intermediates. For Co,Sn
(001), the first electron-transfer step becomes exergonic for both
the ER and LH pathways, and the uphill free energy of the RDS
for each pathway drops below 0.6 eV. Notably, along the ER route,
the second PCET becomes accessible at an applied potential
of ~—0.39 V versus RHE, indicating a substantially lowered
kinetic/thermodynamic threshold. The facilitated formation of
*COOH on Co,Sn also rationalizes the slightly earlier onset of
CO observed by DEMS (Figure S12). However, the barrier for C-
O bond cleavage remains relatively high, so the ER pathway to
formate remains dominant under the conditions studied. These
trends collectively account for the higher formate productivity
measured for Co,Sn.

Electronic-structure analysis provides a microscopic basis for
these effects. The Co single atom introduces an additional
density of states (DOS) below the Fermi level and, critically,
raises the Sn DOS near the Fermi level (Figure 4b), indicating
the activation of adjacent Sn sites by Co. Along the CO,RR
reaction coordinate, the average Sn—Co bond length exhibits an
“M-shaped” evolution (Figure 4c; Figure S25), reflecting non-
rigid, metal-covalent coupling between the Sn 5p and Co 3d
orbitals. This adaptive “breathing” modulates adsorbate bind-
ing strength at different intermediates, enabling simultaneous
stabilization of both *COOH (LH pathway) and *OCHO (ER
pathway) and mitigation of excessive binding that would oth-
erwise impede turnover. The resulting electronic and geometric
flexibility of Co,Sn (001) provides a coherent explanation for the
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FIGURE 4 | Theoretical calculations. (a) Free energy diagram comparing the CO,RR processes via different reaction pathways on the Sn and Co,Sn
(001) facets at 0 V versus RHE. The inset shows the ball-stick models of the corresponding intermediates: gray, tin; blue, cobalt; brown, carbon; red,

oxygen; pink, hydrogen. (b) Partial density of states (pDOS) projected on Co d and Sn p orbitals. (c) Dynamic bond length evolution during the CO,RR
along the LH pathway for the Sn—Co bond. The Sn—Co bond evolution of the ER pathway is provided in Figure S25.

experimentally observed combination of a lower overpotential,
high formate selectivity, and sustained activity.

3 | Conclusions

We reported a Co;Sn SAA catalyst in which Co atoms are
atomically dispersed within a Sn matrix, enabling highly selective
CO,-to-HCOOH conversion. Unlike pristine Sn, which possesses
inferior activity in formate generation and more severe evolution
of the HER at large overpotentials, Co,Sn benefits from Co-
induced electronic modulation of the Sn host. The catalyst
delivered formate selectivity up to 99% across a broad potential
window of —0.83-1.33 V versus RHE. When integrated in a
PSE reactor, Co,Sn sustained >95% FEcooy over 130 h of
continuous operation at —50 mA cm™, resulting in the con-
sistent production of pure formic acid. In situ characterization
results and theoretical calculations verified that the well-tuned
electronic state of Co,Sn SAA optimized CO, activation and the
reaction energy barriers for different intermediates, facilitating
formate generation in the CO,RR. Our work establishes single-
atom alloying as a rigorous and scalable strategy for rational
catalyst design that is readily extendable to other host-dopant
combinations.
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