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Tin oxide based materials have been identified as active catalysts for electrochemical CO,-to-formate conversion.
However, the oxide is unstable and can easily reconstruct via self-reduction under CO, reduction reaction
(CO2RR) condition, resulting in undesired elevated hydrogen evolution reactivity. In this work, a stable tin di-
oxide (SnO»-1) electrocatalyst with abundant surface hydroxyls was synthesized via sodium cation assisted
calcination method. The resulting electrocatalyst exhibits higher selectivity toward formate in a wide potential
window compared with the one with very little hydroxyl groups. In addition, we demonstrate that SnO,-1 can
operate at high current density of 200 mA-cm ™2 for at least 6 h while maintaining FEgormate 0ver 80%. Assisted
with density functional theory (DFT) calculations, we propose that the presence of surface hydroxyls factors
significantly into the overall performance of CO2RR, including optimization of the formation energy of key in-
termediate *OCHO and help SnO; to preserve partially reduced active surface.

1. Introduction

Climate change and energy crisis both largely stem from the con-
sumption of fossil fuels. Carbon dioxide (CO5), with its profound impact
on climate, has attracted considerable attention in the past century
[1-4]. With electricity supplied by renewable energy, electrochemical
CO4 reduction reaction (CO2RR) provides an appealing route to estab-
lish a sustainable carbon cycle, which allows for storing renewable
electricity as chemical feedstocks, and offers the prospect of feasible,
large-scale and seasonal energy utilization [5-7]. However, CO; is a
typically inert molecule with high dissociation energy and CO2RR in-
volves a lot of reaction routes and multiple proton/electron transfer
steps. Moreover, CO2RR in aqueous solution is inevitably competed by
the hydrogen evolution reaction (HER). These aspects result in low
selectivity and energy conversion efficiency [8-11]. Therefore, devel-
oping efficient catalysts with high activity and selectivity via structural
tuning and active sites engineering are essential for CO; utilization
[12-14].

Generally, the trade-off between energy efficiency, electron in-
tensity, and product selectivity makes certain CO2RR products
economically more viable [15,16]. In this regard, formic acid/formate is
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a desirable product with high economic value and wide application in
many industries [17,18]. Because of the relatively optimal adsorption
capability toward key intermediate, a lot of efforts have been paid on Sn
based materials to advance the CO»-to-formate conversion technology
[19-21]. Kanan’s group proved that the oxide species (SnOy) are
beneficial to enhance catalytic activity and selectivity toward formate
[22]. Given the unique and essential role of SnOy, nanostructured SnO5
was applied as alternative catalyst, which usually favors formate pro-
duction over carbon monoxide and hydrogen [23-27]. However, most of
these catalysts only produce formate with high faradaic efficiency (FE)
in a very narrow potential window [17,28-30]. It is likely because SnO,
tends to be reduced into metallic Sn prior to the CO2RR according to
standard redox potential, and the resulting Sn is less selective to formate
[31,32]. Moreover, the proportion of Sn is significantly affected by
applied potential, which leads to variation in catalytic activity and
selectivity [33]. For ideal electrocatalysts, catalytic activity, selectivity
and stability are all essential [34]. To this end, it is very important yet
challenging to keep SnOy stable and maintain the selectivity toward
formate under CO2RR condition, especially at very negative potentials.

In order to improve the stability of SnOy, one of the strategies is to
design more active catalytic surface for COoRR, because the stability of
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SnOy is related with the competition between catalyst self-reduction and
CO4 reduction, enhancing the catalytic activity is favorable to accelerate
electron transfer along the COoRR pathway, thereby stabilizing SnOy
species. On the other hand, surface hydroxyls were demonstrated to
promote the stability of SnOy [35], or improve the catalytic activity and
selectivity [36-38]. These works are essential to understand the con-
tributions of surface hydroxyls on metal oxides for electrocatalysis. For
example, Sn branches catalysts composed of metallic Sn and 5-nm-thick
amorphous SnOx(OH)y shell were synthesized to study the role of sur-
face hydroxyls and stability of SnOy [35]. Another example is a Sn
catalyst composed of a mixture of SnO5, Sn3O4 and SnO [37]. Despite
these important works, due to the complicated surface structures of
composite heterogeneous materials, it is challenging to construct
structure models that represent real catalyst to investigate the role of
surface hydroxyls via theoretical methods. The presence of multi-phase
in the catalyst also makes the monitor of structural evolution difficult
during CO2RR. To this end, more efforts are required to understand the
mechanism of CO2RR and the role of surface hydroxyls in order to design
more stable electrocatalysts.

In this paper, we design a method that can synthesize tin dioxide
(SnO»-1) with abundant surface hydroxyls. And we prove that the oxide
species in SnO»-1 is more stable over the course of COoRR compared
with the control sample, which has very few hydroxyl groups. Thanks to
the presence of surface hydroxyls, SnO»-1 exhibits high selectivity to
formate at a wide potential range, and robust durability under high
current density. Based on the theoretical calculations, we identify that
surface hydroxyls are more difficult to remove compared with bridged
oxygen atoms on SnOz (110) surface. Additionally, we prove that
partially reduced SnO; (110) surface can generate a series of binding
sites with more suitable free energy of formation for key intermediate
*OCHO.

2. Experimental section
2.1. Synthesis of SnO2-1 and Sn02-2

A precursor was firstly synthesized via a co-assembly method of
NaySnO3 and phenolic resin. Typically, 2.0 g of phenol and 7 mL of
formaldehyde (37 wt% aqueous solution) were dissolved in 50 mLof 0.1
M NaOH aqueous solution at 70 °C under stirring for 30 min. Simulta-
neously, 4.4 g of triblock copolymer F127 (EO106PO70EO106, Mw =
13,600) and 1.5 g NaySn03-3 H,0 was dissolved in 50 mL DI water.
These two solutions were mixed, mildly stirred at 65 °C for 72 h and then
stirred for another 24 h at 70 °C. The product was collected via centri-
fugation, rinsed with DI water for several times and then dried at room
temperature. The precursor (2.0 g) was converted into tin dioxide via
thermal annealing in muffle furnace at 600 °C for 2 h with a heating rate
of 5 °C/min. The corresponding sample was labeled as SnOs-1. For
comparison purpose, SnO»-2 was synthesized using SnO»-1 as starting
material. Firstly, the as-obtained SnO,-1 was dispersed in 0.1 M HCI
aqueous solution for 20 min (or in 0.5 M KHCOs solution for 30 min).
Subsequently, the solid product was collected with centrifugation and
rinsed by deionized water for several times. After dried at room tem-
perature in vacuum, the product was heated to 300 °C at the rate of 5°C/
min and kept at this temperature for 2 h. Finally, the product was
collected and labeled as SnO5-2.

2.2. Characterization

Electron microscope images and elemental mappings were obtained
by transmission electron microscope (TEM, JEOL JEM 2100 F) and field
emission scanning electron microscope (FESEM, Zeiss SIGMA). X-ray
photoelectron spectroscopy (XPS) was performed on a ThermoFisher
Nexsa X-Ray photoelectron spectrometer with Al Ko excitation source.
X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8
Advanced X-ray diffractometer using Cu Ka radiation source (A =
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0.15418 nm). The total concentrations of sodium in the samples were
determined using an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES, Agilent 720ES). Thermo Gravimetric Analysis
was conducted in air flow on a thermal gravimetric analyzer (TA in-
strument, Discovery TGA 55). Temperature dependent FTIR was recor-
ded on an Infrared Spectroscopy (PerkinElmer) and in-situ FTIR spectra
was measured on Nicolet 6700 with MCT detector. Xay absorption fine
structure (XAFS) spectra at Sn K (Ey =27,940 eV) edge was acquired on
the BL14W1 beamline of Shanghai Synchrotron Radiation Facility
(SSRE).

2.3. Electrochemical measurements

The electrochemical measurements were performed on an electro-
chemical workstation (CHI 660E) using a typical three-electrode system.
A Ag/AgCl (3 M KCl) electrode and a piece of platinum foil (1 x 1 cm?)
served as reference and counter electrode, respectively. Regarding to the
working electrode preparation, 1 mL of ethanol and 80 pL of Nafion
solution (5 wt%) was used to disperse 10 mg of electrocatalyst via
ultrasonication. Subsequently, 200 pL of the uniform electrocatalyst ink
was sprayed on porous conductive carbon paper (1 x 1 cm?) and the
resulting electrode was dried in a vacuum oven for 24 h at 60 °C. Both
compartments of H-cell were filled with 60 mL of 0.5 M KHCOj3 solution
and separated by a proton exchange membrane. CO, gas was bubbled
through the cathodic compartment before electrochemical measure-
ment to saturate the electrolyte and the bubbling was continued during
bulk electrolysis at a constant rate (10 sccm). The cathodic electrolyte
was stirred at 350 rpm. Constant potential electrolysis was conducted at
different potentials ranging from — 0.8 to — 1.4 V vs. RHE.

The electrochemical active surface area (ECSA) was determined by
recording cyclic voltammetry (CV) curves from 0.1 to 0.3 V vs RHE at a
series of scan rates. The turn over frequency is typically calculated ac-
cording to the following equation:

i

TOF = ——
n x F x L

where j is the current density, n is the number of electrons transferred, F
is the faraday constant and L is the amount of active sites under the
assumption that all tin atoms in the catalyst are active.
Electrocatalytic performance at high current density was evaluated
in a flow cell reactor. In addition to the anodic chamber and cathodic
chamber, the reactor comprises a gas chamber next to the cathodic
chamber, which allows CO; gas to pass through directly. A proton ex-
change membrane (Nafion 117) was used to separate the anodic and
cathodic chambers. A Pt foil was assembled in anodic chamber to server
as counter electrode. Carbon paper loaded with tin dioxide was used as
working electrode and sandwiched between cathodic and gas chamber.
A Ag/AgCl electrode was used as reference electrode. For the prepara-
tion of working electrode, 5 mg of catalysts was sprayed on 1.5 x 3 cm?
carbon paper, and the actual geometric area exposed to cathodic elec-
trolyte was 1 cm? The CO, electroreduction was evaluated in 1 M
KHCO3 or 1 M KOH electrolyte with constant 30 sccm of CO4 gas feed.

2.4. Products analysis

The products were analyzed according to our previous reports [39,
40]. Gas products were analyzed via online gas chromatography (Agi-
lent 7890B) with an interval of 20 min during bulk electrolysis for two
hours. Electrolyte was sampled after two hours of electrolysis and
analyzed by nuclear magnetic resonance chemical analyzer (JEOL
JEM-ECZ400S/L1).

2.5. Theoretical calculations

Density functional theory (DFT) calculations were performed with
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MedeA VASP (Vienna ab-initio simulation package) [41-43]. The in-
teractions were described by the GGA-PBE (Generalized Gradient
Approximation-Perdew-Burke-Ernzerhof) exchange-correlation func-
tional [44]. Van der Waals interactions were considered by means of a
forcefield (DFT+D3 approach of S. Grimme with zero-damping) [45].
For adsorbed intermediates on catalyst slab, the Gibbs free energy cal-
culations were performed with post-processing VASPKIT package at
298.15 K [46]. Computational hydrogen electrode (CHE) model was
used to calculate the value of G(H' + e) and describe the influence of
applied potential [47]. The Gibbs free energies of non-adsorbed species
were obtained from previous publications and the values are summa-
rized in Table S1 [48,49]. See more details in supporting information.

3. Results and discussion
3.1. Materials synthesis and characterization
To synthesize tin dioxide electrocatalyst covered with surface hy-

droxyls (SnOy-1), a tin precursor was first prepared through a co-
assembly method, wherein the phenolic resins and F127 amphipathic
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triblock copolymers were applied as soft-templates (Fig. 1a). The pre-
cursor has roughed surface according to SEM observation (Fig. Sla).
During the subsequent calcination process in air, the organic template
decomposed, as evidenced by dramatic drop in weight between 250 and
400 °C in thermogravimetric curve (Fig. S1b). The resulting tin dioxide
material has rutile crystal structure (Fig. S2). The corresponding SEM
(Fig. S3) and TEM (Fig. 1b) images indicate that SnO5-1 is constructed
by intertwined nanoparticles. High resolution TEM image (Fig. 1b) re-
veals a lattice distance of 0.33 nm and 0.26 nm, corresponding to the
(110) and (101) planes of SnO,, respectively.

It should be noted that the EDS mappings demonstrate that tin, ox-
ygen and sodium elements are uniformly distributed along the meso-
porous structure (Fig. 1c), indicating some of the sodium cations are
trapped inside the as-synthesized precursor during the sol-gel reaction.
These sodium cations can retain in the structure of SnO,-1 even after
calcination, and this is confirmed by Na 1s XPS spectrum (Fig. 2a). The
sodium cations can interact with surface oxygen atoms via ionic bonds
(Sn-O-Na). When immersed in electrolyte, we speculate that the Sn-O-Na
moiety could be hydrolyzed to generate surface hydroxyls as illustrated
in Fig. 1a. This hypothesis is proved by XPS analysis, as the Na 1s peak

100 nm

100 nem

Fig. 1. Synthesis and characterization of SnO,-1. (a) Schematic illustration of the synthesis process of SnO-1; (b) TEM and (c) EDS elemental mapping of SnO5-1.
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Fig. 2. XPS spectrum of (a) Na 1s and (b) O 1s before and after soaking SnO»-1 in electrolyte; (c) Comparison of Sn K-edge XANES spectra for SnO»-1 and reference
sample. (d) The comparison of Sn K-edge EXAFS, shown in k? weighted R-space. (e) The wavelet transform of SnO,-1. (f) Comparison of Sn 3d XPS spectrum of SnO,-

1 and SnO,-2.

disappears after soaking SnO»-1 with 0.5 M KHCOj3 electrolyte solution
(Fig. 2a). Furthermore, in O 1s spectrum of SnO»-1, the peaks at 530.5
and 531.7 eV are assigned to oxygen in oxide and hydroxide forms [35].
It seems that SnO»-1 has higher proportion of hydroxyl species on the
surface after reacting with the electrolyte (Fig. 2b). The content of hy-
droxyls is estimated as 43% among the total oxygen on the surface based
on the integration of the peak area in O 1s XPS spectra. Similar result is
obtained when the electrolyte is replaced by 0.1 M HCI solution
(Fig. S4), which indicates the peaks at 531.7 eV is predominantly
correlated with surface hydroxyls instead of adsorbed HCOs.

In addition, the minor peak at ~536 eV associated with Na KLL be-
comes negligible after soaking in 0.5 M KHCOg3 solution [50]. Mean-
while, the sodium content decreased from 6.18% to 0.018% after
soaking SnO,-1 with 0.5 M KHCOg electrolyte solution based on ICP
measurement. These results prove the formation of tin dioxide with
surface Sn-O-Na functional groups that can be converted to surface hy-
droxyls (Sn-OH) upon interacting with aqueous electrolyte.

After soaking SnO5-1 in the electrolyte, the presence of surface OH
was further demonstrated by X-ray absorption spectroscopy (XAS)
analysis (Fig. 2c-e). X-ray absorption near edge structure (XANES)
profile of Sn K edge (Fig. 2c) of SnO»-1 reveals similar peak position and
shape to that of standard SnO,, indicating the predominant phase is
SnO,. The extended X-ray absorption fine structure (EXAFS) of Sn in
Sn0O,-1 was analyzed, wherein Sn-O in first shell and Sn-Sn in second
shell were included. The corresponding peaks were observed at 1.7 and
3.5 A respectively in R-space fitting data (Fig. 2d). Moreover, the high
lobes in the wavelet transformation result (Fig. 2e) are contributed from
Sn-O and Sn-Sn without other unrelated atoms. The high lobes in the
wavelet transformation results of SnO, reference sample are shown in
Fig. S5. Based on the fitting results (Table S2), the coordination number
(CN) ratios of Sn-O and Sn-Sn for SnO-1 and SnO, reference sample
were estimated as ~1.1 and ~0.93, respectively. This means Sn atoms
are connected with more O atoms in SnOy-1 compared with SnO,
reference sample, which is due to the presence of additional hydroxyl

groups in SnO5,-1.

For comparison purpose, after soaking SnO»-1 with 0.1 M HCI to
protonate Sn-O-Na, the resulting sample was further annealed in air at
300 °C to remove most of the surface hydroxyls (denoted as SnO»-2). At
high temperature, the surface hydroxyls can undergo dehydration re-
action; as a result, the amount of hydroxyls decreases (to ~12%) in the
XPS spectrum (Fig. S6). Similar result is observed when 0.1 M HCI is
replaced with 0.5 M KHCO3. Meanwhile, due to the removal of sodium
cations and additional annealing process, the Sn 3d of SnO,-2 shifts to
higher binding energy compared with that of SnO»-1 (Fig. 2f). It should
also be noted that the mesoporous structure is retained in SnO»-2 after
annealing process based on SEM and TEM observations (Fig. S7) and the
specific surface area (15.5 m2.g 1) is quite comparable to that of SnO,-1
(18.7 mz-g’l). Moreover, the XRD patterns of SnO»-2 and SnO,-1 both
match the rutile crystal structure of tin dioxide (Fig. S2).

3.2. Evaluation of electrochemical CO2RR performance

The catalytic performance of SnO»-1 and SnO,-2 for COsRR was
evaluated in COq-saturated 0.5 M KHCO3 within an H-cell. The selec-
tivities were measured at various potential values between — 0.8 and
— 1.4 V and the catalysts were reduced at — 0.8 V before the potentio-
static electrolysis. As depicted in Fig. 3ab, gaseous products Hy and CO
were detected for both SnO5-1 and SnO»-2, and formate is the only liquid
product. But the selectivities are distinct between these two catalysts.
Regarding Sn0»-2, the FEgmate is apparently dependent on the applied
potential values and displays a typical volcano-shaped correlation with a
maximum FE reaching ~79% at — 1.1 V, while the HER becomes more
dominant and FEfymate drops considerably at potential values beyond
— 1.1 V. In stark contrast, SnOy-1 exhibits much higher FEfymate 0f
~86% as maximum (Fig. 3a). Moreover, the selectivity of SnO»-1 is not
quite influenced by the operating potential, as high selectivity toward
formate is obtained through a wide potential window from — 0.8 to
— 1.4V, and the FE of competing hydrogen product keeps below 20%.
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Fig. 3. CO2RR performance of SnO,-1 and SnO,-2. Comparison of FE values in H-cell using 0.5 M KHCOj as electrolyte for (a) SnO5-1 and (b) SnO,-2, and cor-
responding formate partial current density (c). (d) Schematic illustration of the flow cell configuration. Comparison of (e) LSV curves and (f) FE¢ormate in 1 M KOH and
1 M KHCOs; in flow cell for SnO»-1. Stability evaluation of SnO,-1 in (g) 1 M KOH and (h) 1 M KHCOj3 in flow cell at 200 mA-cm 2

Such a performance is quite comparable to recently reported SnO5 based
catalysts (Fig. S8) and highly desirable when the electrolysis is driven by
renewable energy supply as these energy sources are generally inter-
mittent and unstable. Of note, the partial current density of formate
(Jucoo.) catalyzed by SnO»-1 is significantly larger than that of SnO-2
within the voltage range of — 0.8 to — 1.4 V (Fig. 3c) despite their ECSA
values are relatively close (Fig. S9). Based on the loading of catalyst, the
turn-over frequency (TOF) is calculated and the TOF of SnO5-1 is higher
than that of SnO5-2 (Fig. S10), indicating that SnO,-1 is more active
intrinsically.

The aforementioned analysis reveals more appealing catalytic
properties of SnO-1, however, the limited solubility of CO, hinders the
reaction rate in H-type cell. To overcome the issue of CO3 solubility, the
catalytic activity of SnO2-1 was further evaluated in a flow cell at high
current densities ranging from 50 to 200 mA-cm ™2 (Figs. 3d-h and S11).
Consistent with the performance in H-cell, SnO,-1 exhibits remarkable
selectivity toward formate at a wide range of current densities from 50
to 200 mA-cm 2 in both 1 M KOH and 1 M KHCOs. The FEggrmate is Over
80% even under current density of 200 mA-cm ™2 and the performance is
stable for at least six hours.

3.3. Investigating the mechanism of CO2RR

Next we aim to understand the high selectivity of formate in wide
potential range catalyzed by SnOs-1. Generally, CO2RR is operated
under negative cathodic potential in order to activate stable CO, and
increase the production rate of desired products. Under this condition,
SnO; is thermodynamically unstable and has a tendency to undergo
electrochemical self-reduction according to the Pourbaix diagram [31].
In our case, a telltale sign of catalyst structural reconstruction is the
change of color at the early stage of electrolysis, which is accompanied
by the change of corresponding current densities (Fig. S12). To uncover
the details of structural evolution, XRD of the electrode was measured
after CO2RR. At the potential of — 0.8 V, the XRD patterns reveal that
proportion of metallic Sn in SnOy-1 remains negligible despite the
reducing process was continued for 2 h (Fig. S13a). On the contrary,
clear peaks associated with metallic Sn were observed in SnO,-2 after
2 h of reduction (Fig. S13b). When the cathodic potential was further
reduced to — 1.1 V, the increase of metallic Sn in SnO,-2 was even more
pronounced compared with that in SnO»-1, suggesting that SnO,-1 is
more stable and can tolerate reduction condition in CO2RR. The high
selectivity toward formate in wide potential window is rationally
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correlated with different amounts of metallic Sn generated under COoRR
condition. Noting that the selectivity of pure metallic tin is poor toward
formate in CO2RR [22], the decreased FEfymate Of Sn0Oy-2 at very
negative potential is likely due to the formation of too much metallic tin.

The surface hydroxyls are detectable in XPS spectra after the elec-
trochemical measurement (Fig. S14). To understand the role of surface
hydroxyls on the stability and catalytic performance of CO2RR, the SnO,
(110) surface was adopted as the model for theoretical calculations,
since it is the relatively more stable surface [51]. On the 2x2 surface,
there are four bridged oxygen (Obri) atoms, and two types of tin, namely
Sn5c and Snéc, respectively coordinated with 5 and 6 oxygen atoms
(Fig. S15). The electrochemical conversion of tin oxide to metallic tin
may start from reductive elimination of oxygen species on the surface of
catalyst. Under the applied negative potential, the surface can be
reduced to create several oxygen vacancies. Starting from the stoichio-
metric SnO; (110) surface, we first calculate the free energy changes
(AGs) of reducing one, two, three and four Obri atoms, namely leaving
75%, 50%, 25% and 0% of Obri atoms on the surface (Fig. 4a).

-7 T v v v T
OHbri_100% § OHbri_75% [ OHbri_50%a OHbri_50%b OHbri_50%c | OHbri_25% 100 75 50 25 0
OHbri%
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Computational hydrogen electrode (CHE) model was used to describe
the influence of electrode potential and the results are shown at — 0.8 V
vs. RHE. In terms of 50% coverage of surface Obri, there are three cir-
cumstances, which are denoted as Obri_50%a, Obri_50%b, Obri_50%c. It
is clear that the AGs are very negative for the successive introduction of
Obri vacancies (Fig. 4a), indicating that reductive elimination of Obri is
thermodynamically favorable. In contrast, when the surface is covered
with all bridged OH (OHbri, Fig. 4b), the AGs for removing OHbri
moiety fluctuate around zero and the first two steps even have slightly
positive values, suggesting that the surface hydroxyl groups are difficult
to remove and thus may endow the material with better stability at
negative potentials. Aside from the calculations performed in vacuum,
similar calculations were conducted by using implicit solvent model.
The exact values of AG vary a little, but the overall trend remains the
same compared with the results obtained in vacuum (Fig. S16). These
results are consistent with the aforementioned experimental data
showing that SnO,-1 is more stable under cathodic condition due to the
presence of surface hydroxyls.
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We then evaluated the AG for the formation of *OCHO after one (H*
+ e) transfer step, because this is the key step for the production of
formate in COoRR [52]. Three different adsorption configurations of
*OCHO are considered, namely binding with 1Sn6c, 2Sn5c and 2Sn6c,
respectively (Fig. S17). The optimized structures of *OCHO adsorption
on different slabs are shown in Figs. S18 and S19. Apart from the surface
of Obri_100%, it is obvious that the sites of 2Sn5c on all the surfaces bind
with OCHO very strongly, indicating that the second (H" + ") transfer
step will be difficult. Compared with fully reduced surface (Obri or
OHbri_0%), partially reduced surfaces comprise of more suitable sites
with optimized AG to produce *OCHO, especially for the series of
different OHbri covered surfaces (Fig. 4cd). This result is also confirmed
by the DFT calculation performed with implicit solvent model (Fig. S20).
Specifically, the 1Sn6c site on OHbri 0% surface has larger energy
barrier from *OCHO to HCOOH compared with other surfaces covered
by 50% OHbri (Fig. 4e), indicating that partially reduced SnO; (110)
surface has more active sites for CO,RR. Furthermore, the AGs of *H
formation on a variety of sites on SnO3 (110) surface with 50% hydroxyl
coverage were calculated (Fig. S21). It is obvious that all the sites have
positive values for AG (*H), indicating that the catalyst is more selective
to produce formate rather than hydrogen gas. Besides the calculations
performed on SnO, (110) surface, the free energy change from CO; to
formate on stoichiometric SnO5 (101) surface (Fig. S22). The AG value
of *OCHO formation equals 0.60 eV, slightly higher than that on stoi-
chiometric SnO; (110), indicating that the difference of peak intensities
in XRD in Fig. S2 is not the primary reason that govern the CO2RR
performance of SnO2-1 and SnO»-2. In summary, the DFT calculations
predict that introducing hydroxyl groups on the surface of SnO, can not
only improve the stability, but also promote the CO,-to-formate con-
version rate by optimizing the AG of *OCHO formation.

Of the DFT calculated results in Fig. 4d, it is apparent that the surface

['______________AtEJrEnc?_E_

50 %
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of Sn05-1 can exist in the form of partially reduced state with sites that
can produce *OCHO with optimized AG. Binding sites like 1Sn6c and
2Sn6¢ have more suitable AG to generate key intermediate *OCHO.
However, strong binding site of 2Sn5c is also present on these partially
reduced SnO; (110) surface, leading to a higher energy barrier toward
formate formation. If Sn5c is already connected with a terminal hy-
droxyl, this unfavorable strong binding site could be blocked. Temper-
ature dependent FTIR measurement of SnO,-1 reveals a clear peak at
~1250 cm ™, due to the presence of terminal hydroxyl groups [53], and
this signal is not observed in SnO2-2 (Figs. S23 and 5ab). Moreover, the
FTIR spectra (Fig. S24) collected after CO2RR indicates that the terminal
hydroxyl groups still exist in SnO-1. It should be noted that bridged
hydroxyl could be produced after one (H* + €’ reduction from bridged
oxygen when applying negative potential [54], however, the terminal
hydroxyl could not be produced in this way. Therefore, we further
performed DFT calculations to illustrate the influence of terminal hy-
droxyl groups on CO,RR performance. Starting from the slab of
OHbri_50%c, the 2Sn6c site has nearly optimal AG for the production of
formate, but the strong binding sites of 2Sn5c are undesired (Fig. 5¢). We
then added terminal hydroxyls with 50% coverage on this surface and
calculated the free energy diagram for CO, to formate conversion
(Fig. 5d). One of the 2Sn6c sites still binds with OCHO weakly, resulting
in lowest energy barriers for HCOOH production, while another 2Sn6¢
site binds with OCHO with medium strength, due to the hydrogen bond
formed between OCHO and terminal hydroxyls (Fig. 5d, blue curve).
More importantly, the occupation of terminal hydroxyl at Sn5c changes
the bidentate binding mode of 2Sn5c to monodentate binding mode of
1Sn5c with more optimized AG for *OCHO generation, and it is likely to
accelerate the next (H' + e) transfer step. These results suggest that
aside from the contribution from partially reduced surface, the presence
of terminal hydroxyls is another factor that can improve the catalytic
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Fig. 5. Comparison of CO,RR activity on SnO, with and without terminal OH. Temperature dependent FTIR spectra of (a) SnO,-2 and (b) SnO,-1. DFT calculated
theoretical energy diagrams of SnO, (110) surface (c) without terminal OH and (d) with terminal OH.
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activity. At last, in-situ FTIR was performed to probe the existence of
possible intermediate during CO2RR (Fig. S25). A signal at ca.
1400 cm ™! is observed, due to the formation of *OCHO intermediate,
which is in agreement with the DFT calculations [55].

4. Conclusion

In summary, we synthesized a tin dioxide electrocatalyst via sodium
cation assisted calcination method. The surface of as-obtained SnO»-1 is
covered with plenty of hydroxyls, which help to maintain its stability
under CO2RR condition and construct active sites for efficient CO,-to-
formate conversion. Compared with SnO»-2, which has minimal amount
of surface hydroxyls, SnO,-1 delivers a superior catalytic performance
with a high FEfomate (> 80%) over a wide potential range, as well as a
high partial current density. Moreover, SnOy-1 exhibits remarkable
performance in flow cell with high selectivity and robust stability. The
catalytic mechanism underlying these tin dioxides as well as their sta-
bilization mechanisms were uncovered. Taking the DFT calculations and
the experimental results together, we provide a plausible explanation for
the improved selectivity and stability of CO,-to-formate conversion on
tin dioxide. This study opens up exciting new avenues to develop effi-
cient SnO; based catalysts with outstanding performance for CO2 con-
version applications.
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