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Electroreduction of CO2 (CO2R) to formate enables the storage
of renewable electricity in liquid chemical bonds in an efficient
manner. However, hydrogen evolution competes with CO2R,
decreasing Faradaic efficiency (FE) and energy efficiency (EE) for
formate production, particularly under acidic and neutral
conditions. The deterioration of the catalysts during CO2R
further hinders long-term and effective operation. To overcome
these challenges, we fabricate nanostructured Sn/SnO2 through
physical evaporation and wet-chemical etching, improving the

CO2-to-formate conversion with finely tuned *OCHO adsorption.
The in-situ formation of Sn/SnO2 surfaces during CO2R stabilizes
the active sites for reliable formate production across a broad
range of electrolyte pH from base to neutral. Our results show a
94 % CO2R-to-formate FE and a 58 % formate cathodic EE at
100 mA cm� 2 in 1 M KOH over 70 hours of continuous oper-
ation. Under neutral conditions (pH=7), the CO2-to-formate
conversion remains stable for 100 h with a selectivity of >90 %.

Introduction

The extensive use of fossil fuels has led to increased carbon
dioxide (CO2) emissions and environmental pollution, urging
the development of efficient carbon capture, utilization, and
storage technologies.[1] Electrochemical CO2 reduction (CO2R)
using renewable electricity is a promising approach to produc-
ing chemical raw materials.[2] As a liquid product, formate
(HCOO� ) is desirable because the electrochemical production of
HCOO� only involves two-electron transfers, enabling the high
energy value of the process.[3]

Currently, p-block metals, including Sn, Bi, and Pb, have
been studied for CO2-to-formate conversion due to their
appropriate O binding affinity to the key *OCHO intermediate.[4]

Simultaneously, the weak adsorption of *COOH intermediate on
p-block metals hinders the CO2R to CO, CH4, and C2+

conversion.[5] Among the p-block metals, Sn has a relatively
strong binding to *OCHO, favoring the first-step proton-coupled
electron transfer in the CO2R-to-formate conversion.[4c] However,
the modest H+ binding on the Sn and Sn-based catalysts makes

it challenging to suppress hydrogen evolution reaction (HER)
and optimize formate production.[5d] At a high current density
of over 100 mA cm� 2, most reported formate Faradaic efficien-
cies (FEs) using metallic Sn and Sn-based electrodes are lower
than 80 %.[6,7]

Recent studies have focused on improving the CO2R-to-
formate selectivity and energy efficiency by using phase-
segregated catalysts and core-shell nanostructured catalysts.
Chen et al. reported that Bi nanoparticles on Sn nanosheets
increase the electrochemical CO2 reduction to formate with
Faradaic efficiency (FE) of 96 % at a current density of about
55 mA cm� 2 at � 1.1 V vs. reversible hydrogen electrode (VRHE).

[8]

Wang et al. reported that a Sn2.7Cu catalyst achieves a high
current density of 406.7�14.4 mA cm� 2 with a formate FE of
80 % at � 0.70 VRHE.

[9] Jiao et al. synthesized Ag� Sn core-shell
electrocatalysts, exhibiting a formate FE of ~ 80 % at a formate
partial current density of ~ 16 mA cm� 2 at � 0.8 VRHE.

[10] Although
much progress has been made in alkaline electrolytes, the CO2

utilization efficiency remains low due to carbonate formation at
high pHs. Therefore, to improve CO2 utilization, CO2R should be
operated under neutral or acidic conditions. Additionally, the
catalysts need to be long-term stable during CO2-to-formate
production for practical application.

In this study, large-scale nanostructured Sn/SnO2 catalysts
were fabricated on polytetrafluoroethylene (PTFE) gas diffusion
electrodes using physical evaporation and wet chemical
etching. Computational studies showed that Sn/SnO2 surfaces
fine-tune the binding energy of *OCHO to enhance the CO2-to-
formate conversion over HER. Scanning electron microscopy
(SEM), X-ray powder diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) depth profile analyses revealed the stable,
active Sn/SnO2 sites throughout the electrochemical formate
production across a broad range of electrolyte pH, from base to
neutral. The formate FE was >94 % at a current density of
100 mA cm� 2 over 70 hours in 1 M KOH. Under neutral con-
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ditions (pH=7), the formate production was stable over 100 h,
with selectivity exceeding 90 %.

Results and Discussion

Material synthesis and characterization

The nanostructured Sn/SnO2 catalysts were prepared through
thermal evaporation and wet-chemical etching (Figure 1a).[4a,11]

First, phase-segregated Sn1-xZnx (x=0.05, 0.15, 0.5) catalysts
with different Sn/Zn molar ratios were evaporated onto the
PTFE substrates (Figure 1b and S1). The XRD patterns only
showed metallic Sn and Zn phases in the as-evaporated
samples (Figure S8). The XPS spectra in Figure 1c showed Sn4 +

(494.3 eV, 485.5 eV), Sn0 (491.8 eV, 483.5 eV), and Zn0 (1044.5 eV,
1021.4 eV) with the as-evaporated catalysts. The peak at 498 eV

represented the Zn Auger peak. The XPS result indicated the
presence of SnO2 on the surfaces. Compared to Sn, Zn was
easily dissolved in strong acid and alkaline solutions; therefore,
wet chemical etching was first carried out to remove Zn from
Sn1-xZnx (x= 0.05, 0.15, 0.5) using 0.1 M HCl (details in Support-
ing Information). After wet etching, the Sn1-xZnx (x=0.05, 0.15,
0.5) catalysts were utilized in CO2R pre-electrolysis in 1 M KOH
at 100 mA cm� 2 for one hour. After pre-electrolysis, a series of
Sn/SnO2 nanostructured catalysts were obtained from Sn1-xZnx

(x=0.05, 0.15, 0.5) catalysts and denoted Sn/SnO2 NS-1, Sn/
SnO2 NS-2, and Sn/SnO2 NS-3, respectively. SEM images showed
that the morphologies changed from a dense particle frame-
work with as-evaporated Sn0.95Zn0.05 to a porous structure with
Sn/SnO2 NS-1 (Figure 1b, 1d). The particle size in Sn/SnO2 NS-1
was ~ 50–100 nm, while Sn/SnO2 NS-2 and Sn/SnO2 NS-3
showed larger particle sizes of ~ 500–1000 nm (Figure S2). As
shown in the XPS spectra of Sn/SnO2 NS-1, Sn4 + 3d signals

Figure 1. Structural and elemental analyses of Sn0.95Zn0.05 and Sn/SnO2 NS-1 catalysts. (a) Schematic of thermal evaporation and wet chemical etching to
prepare nanostructured Sn/SnO2. (b) SEM image, and (c) XPS spectra of the as-evaporated Sn0.95Zn0.05. (d) SEM image, (e) XPS spectra, (f) TEM image, (g) SAED
pattern, and (h) HRTEM image of the Sn/SnO2 NS-1.
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increased largely, and the Zn 2p signals disappeared (Figure 1e
and S9). This suggested that the surface Zn was completely
removed.

To examine the crystallography and element distribution in
the nanostructured Sn/SnO2 NS-1, transmission electron micro-
scopy (TEM), transmission electron microscopy-energy disper-
sive X-ray spectroscopy (TEM-EDX), and high-resolution trans-
mission electron microscopy (HRTEM) analyses were performed.
As shown in Figure 1f, a collection of nanocrystals was observed
for the Sn/SnO2 NS-1 in the TEM analysis. The select area
electron diffraction (SAED) pattern (Figure 1g) and HRTEM
image (Figure 1h) visualized the formation of Sn and SnO2

mixed catalyst layers in a polycrystalline nature, which agrees
with the XRD results (Figure 3a).

Density functional theory (DFT) calculation

The reduction of CO2 to HCOO� involves two proton-coupled
electron transfer steps and a key intermediate *OCHO. The
adsorption energy of *OCHO on catalysts determines the overall
energy required for the reaction (Figure 2c). We then used DFT
to calculate the adsorption energy of *OCHO on different

surfaces of Sn (100), Sn (100)/SnO2, SnO2 (101)/Sn, and SnO2

(101) surfaces (Figures 2c, S3, and S4). It is 0.35 eV, 0.42 eV,
0.51 eV, and 0.80 eV on Sn (100)/SnO2, SnO2 (101)/Sn, Sn (100),
and SnO2 (101) surfaces, respectively. This result suggests that
the Sn/SnO2 surfaces are more active for the CO2 to HCOO�

reduction than the pure Sn and SnO2 surfaces.

CO2R performance evaluation

To evaluate the CO2R performance of the Sn/SnO2 NS-1, Sn/
SnO2 NS-2, Sn/SnO2 NS-3 and the control sample of pristine Sn,
first, we carried out linear sweep voltammetry (LSV) measure-
ments under the alkaline condition in 1 M KOH at pH =14 in a
flow cell from 0 to � 2 VRHE (Figure 2a). As shown in Figure 2b,
the onset potential of Sn/SnO2 NS-1 (� 0.59 VRHE) was more
positive than that of Sn (� 0.66 VRHE). As shown in Figure 2b,
electrochemical impedance spectroscopy (EIS) measurements
confirmed that the interface resistance of Sn/SnO2 NS-1 was
lower than those of the Sn, Sn/SnO2 NS-2, and Sn/SnO2 NS-3
catalysts. The CO2R product selectivity was analyzed by gas
chromatography (GC) and ion chromatography (IC). The Sn/
SnO2 NS-1 showed HCOO� FEs over 90 % at 100, 200, and

Figure 2. CO2 electroreduction performance of the Sn/SnO2 NS-1, Sn/SnO2 NS-2, Sn/SnO2 NS-3, and Sn catalysts in 1 M KOH. (a) LSV curves. (b) Electrochemical
impedance spectroscopy results. (c) *OCHO adsorption energy on Sn (100)/SnO2, SnO2 (101)/Sn, Sn (100), SnO2 (101) surfaces in the absence of the electrode
potential (U =0 V). Sn (100)/SnO2 stands for a less oxidized Sn (100) surface containing 1.04 % (molar ratio) SnO2, and SnO2 (101)/Sn represents a higher
oxidized SnO2 (101) surface containing 97.9 % SnO2. (d) Faradaic efficiency of HCOO� , H2, and CO at 100, 200, and 300 mA cm� 2. (e) Chronopotentiometry curve
with formate FE in pH 14 at 100 mA cm� 2.
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300 mA cm� 2, indicating that the Sn/SnO2 NS-1 catalyst is
selective for HCOO� production in a wide working potential
window (Figure 2d). The HCOO� FE reached 94 % at a current
density of 100 mA cm� 2 at a low applied potential of � 0.75 VRHE.
As for the Sn/SnO2 NS-2 and Sn/SnO2 NS-3 catalysts, the HCOO�

FEs are lower than 90 %, while more than 10 % of the products
were H2 and CO.

To assess the stability of the Sn/SnO2 NS-1 catalyst during
CO2R, we conducted galvanostatic tests in 1 M KOH. As shown
in Figure S5 and Figure 2e, Sn/SnO2 NS-1 maintained the
HCOO� FE exceeding 90 % for more than 70 h at a current
density of 100 mA cm� 2. The SEM images revealed that the
porous structure of the Sn/SnO2 NS-1 catalyst remained stable
after 40-h and 70-h CO2R tests (Figure 3a–c). Although the XPS
spectra indicated the formation of SnO2 layer on the catalyst
surfaces after 1-h reaction (Figure 1e), the amount of SnO2 is
too small to be observed in the XRD pattern (Figure 3a). After
40-h and 70-h reactions, SnO2 phases appeared in the XRD
patterns (Figure 3b–c). This experimental result suggested that
SnO2 gradually grew with time, which allows a redox modu-
lation between Sn and SnO2. We suggest that this effectively
contributes to long-term stability.

To further investigate the chemical compositions in the
catalyst surface layers, we performed an XPS depth profile study
toward the Sn/SnO2 NS-1 catalyst after the 70-h reaction. As

reported in previous studies,[11] the catalyst surfaces were easily
oxidized when exposed to the air after being removed from the
alkaline electrolyte. Therefore, we did a short pre-sputtering
(120–240 s, ~ 5 nm) to clean up the top surface oxides formed
in the air. As shown in Figure 3d, Sn0 and Sn4 + were observed
on the catalyst surface during three rounds of 240-s soft Ar
etching (~ 5 nm etching thickness for each round) for Sn/SnO2

NS-1 after the 70-h reaction. We estimated the Sn4+ and Sn0

proportions (Figure S6 and Table S2). The result suggested that
the ratio of Sn4 +/Sn0 in the top surface layer was similar during
the first three etchings, indicating the formation of a uniform
Sn/SnO2 layer on the catalyst surfaces. We further compared the
potentiodynamic polarization curves of Sn/SnO2 NS-1 after 1,
10, and 50-h reactions (Figure 3e). The corrosion potentials
were similar, indicating that stable Sn/SnO2 surfaces were
formed.

Finally, we evaluated the CO2R performance of Sn/SnO2 NS-
1, Sn/SnO2 NS-2, Sn/SnO2 NS-3, and pure Sn at pH 7. The 3 M
KCl electrolyte was used to suppress HER and improve CO2R. As
shown in Figure 4c, the Sn/SnO2 NS-1 catalyst exhibited the
best electrocatalyst performance with the most positive onset
potential compared to the control samples. We then evaluated
the FEs of the gaseous and liquid products using Sn/SnO2 NS-1
at 100–300 mA cm� 2, under which conditions the HCOO� FEs
were above 90 % (Figure 4d). At 100 mA cm� 2, the Sn/SnO2 NS-1

Figure 3. SEM, XRD, XPS depth profile, and potentiodynamic polarization studies of the Sn/SnO2 NS-1 catalysts after 70-h of the stability test. (a–c) SEM and
XRD results of the Sn/SnO2 NS-1 catalysts after 1-h (a), 40-h (b), and 70-h (c) CO2R stability test. (d) XPS depth profiles for the Sn/SnO2 NS-1 after 70-h CO2R
reaction at 100 mA cm� 2 in 1 M KOH. (e) The polarization curves of the Sn/SnO2 NS-1 catalysts after 1-h, 10-h, and 50-h CO2R reaction.
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catalyst was stable for over 100 hours with a HCOO� FE of
>90 % in a neutral electrolyte (Figure 4e). Compared to the
reported Sn-based catalysts, the nanostructured Sn/SnO2 im-
proved the CO2R performance in all the aspects of selectivity,
current density, and stability under both neutral and alkaline
conditions (Table S3).

Conclusion

In summary, we created active and selective Sn/SnO2 nano-
catalysts through evaporation and wet chemical etching. The
CO2-to-formate conversion was stable over 100 h with a
selectivity of >90 %, and H2 and CO were suppressed to below
5–10 % with 100-h stability under neutral conditions (pH 7). DFT
calculation showed that Sn (100)/SnO2 and SnO2 (101)/Sn
offered improved *OCHO binding to reduce the energy
required for the CO2-to-formate reaction. The Sn/SnO2 interfaces
were stable for extended CO2R due to the self-redox modu-
lation between Sn and SnO2 in the electrolyte at cathodic
potentials. Our findings show that surface redox modulation

with optimized intermediate binding is an effective way to
stabilize active sites and improve the activity for selective and
stable CO2 reduction.

Experimental Section

Synthesis

We fabricated Sn1-xZnx (x= 0.05, 0.15, 0.5) and Sn electrocatalysts
using thermal evaporation (SKY-RH400). 3 g of Sn and 3 g of Zn
metal particles were placed in two tungsten boats in the thermal
evaporation chamber. Sn and Zn particles were evaporated at a
pressure of 10� 5 Pa. We controlled the evaporation rate by
adjusting the current applied to the tungsten boat. A quartz crystal
monitor was used to observe the thicknesses of the evaporated
Sn0.95Zn0.05 films on PTFE substrates. After evaporation, we cut 2 ×
2 cm Sn1-xZnx (x=0.05, 0.15, 0.5) samples, and carried out electro-
chemical etching using 0.1 M HCl electrolytes for 30 minutes with a
stirring speed of 250 rpm for electrolytes, and then used flow cells
for pre-electrolysis.

Figure 4. Electrochemical CO2R stability of the Sn/SnO2 NS-1 catalyst. (a) A flow-cell configuration. (b) Schematic of the reaction interfaces. (c) LSV curves of
Sn/SnO2 NS-1, Sn/SnO2 NS-2, Sn/SnO2 NS-3, and pure Sn at pH 7. (d) Faradaic efficiency of HCOO� , H2, and CO at 100, 200, and 300 mA cm� 2 of Sn/SnO2 NS-1 at
pH 7. (e) CO2R chronopotentiometry curve with formate FE at pH 7 at 100 mA cm� 2. The catholyte is 3 M KCl and the anolyte is 0.5 M KHCO3.
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Characterization

Scanning electron microscope (SEM) images were taken using a
HITACHI regulus 8100 at an accelerating voltage of 3 kV. XRD was
carried out with a Bruker D8 Advance at a scanning rate of 9° min� 1

in the 2θ range from 20° to 80°. Sn-PDF#04-0673 and SnO2-PDF#41-
1445 were used to contrast crystal planes. XPS studies were
performed using PHI5000 VersaProbe. XPS depth profile studies
were performed in the XPS chamber using Ar bombardment. Each
etching time was 120–240 s which corresponds to ~ 5 nm per
etching time. The binding energy data were calibrated relative to
the C 1s signal at 284.6 eV.

Electrochemical experiments

All experiments were performed in flow cells using the three-
electrode system. An Ag/AgCl (in saturated KCl) electrode was used
as a reference electrode, a commercial nickel foam was used as a
counter electrode, and the Sn1-xZnx (x=0.05, 0.15, 0.5) and Sn
catalysts were used as working electrodes. At pH 14, the anode and
cathode electrolytes were 1 M KOH. At pH 7, the catholyte was 3 M
KCl while the anolyte was 0.5 M KHCO3. Metrohm Autolab
potentiostat was used for the electrochemical measurements. The
gas flow rate was controlled at 25 mL min� 1 by a flow meter. The
LSV studies were carried out in the potential range from 0 to
� 2 VRHE with a scan rate of 50 mV s� 1. The electrochemical
impedance spectroscopy was carried out to estimate the electrolyte
resistance for IR compensation. The electrolyte resistance was
measured at an open circuit potential in a frequency range from
10 MHz to 0.1 Hz with a voltage amplitude of 10 mV. All of the
electrode potentials vs. the Ag/AgCl electrode were converted to
the potentials vs. reversible hydrogen electrode (RHE) using
Equation (1):

ERHE ¼ EAg=AgCl þ 0:197þ 0:059� pH (1)

Gas-phase products were measured using gas chromatography
(GC2060, Shanghai Ruimin), According to the peak area, the FEs of
the gas products were obtained using Equation (2):

FE ¼
F � z � v � n

I� t � 100 % (2)

where F is the Faradaic efficiency constant, which is 96485 C mol� 1.
z is the number of electrons required to reduce CO2 to a CO or H2

molecule. ν is the gas flow rate. n is the concentration of the gas
products obtained by GC using 1 mL sample gas; the unit is
mol mL� 1. I is the current applied to the sample; the unit is A.

Liquid product HCOO� was measured using ion chromatography
(IC, SH-AC-11, Qingdao Shenghan). We first created a calibration
curve using different concentrations of sodium formate (HCOONa).
The HCOO� concentrations were set as 1, 2, 5, 10, 50, and 100 ppm
(mg L� 1). Using the calibration curve, the HCOO� concentration in
the electrolyte after the reaction was obtained. The HCOO� FE is
calculated using Equation (3):

FE ¼
F � z � V � n

45� I� t � 100 % (3)

where F is the Faradaic efficiency constant, which is 96485 C mol� 1.
n is the concentration of HCOO� measured by the instrument based
on the standard curve; the unit is mg L� 1. z is the number of
electrons required for the reduction of CO2 into HCOO� . V is the
volume of the catholyte.

The half-cell energy conversion efficiency (CEE) is calculated using
Equation (4):

CEEformate ¼
ð1:23 � EformateÞ � FEformate

1:23 � Ecathode
(4)

where Eformate is � 0.199 VRHE to form the formate in aqueous
electrolytes. FEformate is the formate Faradaic efficiency. Ecathode is the
applied potential vs. RHE.

DFT calculation

Our experimental results show that the Sn (100) and SnO2 (101)
facets are the main crystallographic facets for the Sn and SnO2

catalysts. Therefore, these facets were used to construct models for
DFT calculations.

The cell parameters of Sn are a=b= 5.831 Å, c= 3.1821 Å. Starting
from the unit cell, we constructed a 2 × 3 × 4 supercell and cut it
into a (100) surface. The cell parameters of SnO2 are a=b=

4.7456 Å, c= 3.1932 Å. We further built a 2 × 2 × 3 supercell and cut
it into a (101) surface. We added a 20 Å vacuum layer in the c
direction for both of the above systems. To construct the surfaces
with different oxidation degrees, we added an oxygen atom to the
Sn (100) surface and constructed a less oxidized Sn (100) surface
containing 1.04 % (molar ratio) SnO2, denoted as Sn (100)/SnO2;
correspondingly, we removed an oxygen atom from the SnO2 (101)
surface to build a reduced SnO2 (101) surface, denoted as SnO2

(101)/Sn. Therefore, by comparing pure Sn (100), SnO2 (101), and
the two surfaces mentioned above, we can explore the effect of
different oxidation states of the surface Sn on the catalytic
performance.

All of the DFT calculations were performed using VASP.[12] The
projector-augmented-wave (PAW) method was used for describing
the electron-ion interactions.[13] The Perdew-Burke-Ernzerhof (PBE)
functional was used;[14] The energy cutoff energy was set to 460 eV,
and the k-points were set as 3 × 2 × 1. The width of the smearing,
characterized by SIGMA, was set to 0.2 eV. The criterion of energy
difference convergence was set to 10� 4 eV, and no spin correction
was applied. During the structure optimization, atoms from the top
two layers were fully relaxed, while those from the bottom two
layers were fixed. The open-source software vaspkit was used to
calculate the thermodynamic and the density of states data.[15] The
Gibbs free energy was obtained at 298 K and 1 atm, according to
Equation (5):

G ¼ H � TS ¼ EDFT þ EZPE þ

Z 298

0
CvdT � TS (5)

Where EDFT is the electronic energy from DFT calculations, EZPE is the
zero-point energy, the third term accounts for heat capacity, and
the fourth term is the entropy correction obtained from frequency
calculations. For gas molecules, the thermodynamic data, zero-
point energy, specific heat capacity, and entropy were adopted
from Klinkova, etc.[16] To correct the overestimation from DFT
calculations, we followed the literature to apply corrections to the
calculated energies of CO2 (0.45 eV), HCOOH (0.20 eV), H2

(� 0.09 eV), and *OCHO (0.20 eV).[17] The solvent effect was calcu-
lated using vaspsol.[18]

Taking one elementary Reaction (6) as an example, the change of
the Gibbs free energy of the reaction on the surface was calculated
by Equation (7):
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*HCOOþ Hþ þ e� Ð HCOOHþ * (6)

DG ¼ G* þ GHCOOH � G*HCOO � GHþ þ Ge�ð Þ

¼ G* þ GHCOOH � G*HCOO �
1
2GH2

� eU
� �

(7)

Here, e and U represent the number of charges and the applied
potential, respectively. In our calculations, we used a computational
hydrogen electrode (CHE)[19] and set the applied potential to be
zero, thus converting the free energy of a proton and an electron
to half of the free energy of hydrogen.
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