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ABSTRACT: Tin oxide (SnO,) is an efficient catalyst for the CO, reduction reaction (CO,RR) to formic acid; however, the
understanding of the SnO, surface structure under working electrocatalytic conditions and the nature of catalytically active sites is a
current matter of debate. Here, we employ ab initio density functional theory calculations to investigate how the selectivity and
reactivity of SnO, surfaces toward the CO,RR change at varying surface stoichiometry (i.e., reduction degree). Our results show that
Sn0,(110) surfaces are not catalytically active for the CO,RR or hydrogen evolution reaction, but rather they reduce under an
applied external bias, originating surface structures exposing few metal tin layers, which are responsible for formic acid selectivity.

B INTRODUCTION undesired side reactions. The employment of highly stable,
robust electrocatalysts deposited on the cathode is fundamen-
tal to solve the efficiency and selectivity issues in the
electrochemical CO, reduction reaction (CO,RR) and to
reduce the reaction overpotential.”’

In the last few decades, due to the progressive industrial
development and the improvement of the living standard, the
anthropogenic emission of carbon dioxide (CO,), one of the
gases mainly responsible for greenhouse effects, has steadily

increased to a level that has raised the worries of the Among the possible high-value-added reduction compounds,
international community because it may lead to catastrophic formic acid (HCOOH) is one of the most interesting because
environmental impact." This problematic scenario has received it may serve as a raw material for molecular hydrogen or
great attention by the scientific communities, and new carbon monoxide (CO) production via decarboxylation and
technologies for CO, capture and reuse are currently at an decarbonylation, respectively.”~"' Nanostructured noble met-
explorative research level.” als, such as gold, silver, and palladium, are excellent catalysts

Among others, electrochemical CO, reduction is a toward reaction products with a single carbon atom (C1), but
promising strategy toward carbon recycling and atmospheric they are too expensive to be extensively used in industrial
CO, content mitigation.3 This conversion process consists in processes. > '® To decrease the cost, attention has been
the transformation of CO, into value-added compounds by directed to non-noble metal catalysts, which also exhibit

application of an external voltage to an electrolyzer: the CO, 17-22
dissolved in the electrolytic solution adsorbs and gets reduced
at the cathode. This approach has several advantages, such as
the possible coupling to renewable energy sources to power the
system, and it is in principle suited for large-scale sustainable
implementation.”> However, the accomplishment of CO,
electroreduction is difficult to be achieved owing to the high
thermodynamic stability of the carbon dioxide molecule.
Moreover, the conversion involves slow kinetics, because of -

high energy reaction barriers, and poor selectivity due to

promising catalytic performance. Particularly, metal tin is
a low-cost element abundant in the Earth’s crust, whose
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applications as an electrocatalyst have recently grown because
of its high activity as well as its eco-friendly properties.””** Sn
is reported to be selective toward HCOOH production
because its high oxygen affinity induces a bidentate *OCHO
intermediate, required for formic acid evolution.”>™*° In the
case of Sn, an oxide layer rapidly forms at the surface of the
metal exposed to air. Consequently, a common practice
consists of using tin dioxide (SnO,) covered electrodes
because SnO, samples typically present a higher specific area
and roughness, and they are supposed to get reduced to
metallic tin at working electrocatalytic potentials.’>™>°

Notwithstanding the acknowledged efficiency of SnO,
electrocatalysts, a current matter of debate in the literature
regards the nature of the electrocatalyst active surface, resulting
in conflicting interpretations. According to the Sn—O Pourbaix
diagram,’’ under electrocatalytic CO, reduction conditions
toward formate (HCOO™) production, that is, at low applied
potential (U < —0.4 V) and pH > 4, the thermodynamically
stable phase is metallic tin (Sn®).>> Thus, the SnO, particles
deposited on the electrode should be completely reduced
under working electrode conditions. On the other hand,
several studies have reported that tin oxide phases are still
present at the cathode surface when CO, gets reduced. As an
example, Lee and co-workers™ performed CO, reduction on
SnO, at different alkaline pH values and found that at high pH
values (10.2 and 11.72) the catalysts’ X-ray diffraction (XRD)
spectra reveal only tin oxide phases and that, under these
conditions, a high selectivity toward formic acid is observed.
On the contrary, under mild basic conditions (pH = 8.42) the
catalyst is partially reduced to metallic Sn and, correspond-
ingly, a decrease of formic acid faradaic efficiency and an
increase in hydrogen production are reported.33 In contrast,
Gao et al.** stated that a moderate degree of SnO, reduction is
fundamental for the reduction of CO, to formic acid. In
particular, it was found that the loss of oxygen species from the
oxide surface leads to a rich oxygen vacancy system which is
believed to be responsible for the selective reduction of CO, to
formic acid.

To gain a deeper insight into the structure and reactivity of
the SnO, catalytic active surface, few research groups
performed operando Raman spectroscopic characterization.
Both Dutta and collaborators® and Kuzume et al.*® reported
that the highest selectivity toward formate occurred at
potentials where SnO, should be completely reduced
according to Pourbaix analysis, yet their measurements
revealed that in this potential range (approximately between
—0.5 and —1.1 vs AglAgCl at different pH values) SnO,
samples appear to be only partially reduced. Hence, they
suggest that SnO, reduction is kinetically hindered. Based on
this evidence, the authors concluded that both Sn° and Sn" are
present during the CO,RR, although it is not clear which
species plays the major catalytic role during the reaction.
Moreover, the authors found that at very negative potentials,
all SnO, is reduced to metallic Sn and HCOOH production
drops, in favor of hydrogen production.

In summary, despite the large research effort of the last few
years, the understanding of the SnO, surface structure under
working electrocatalytic conditions and the nature of catalyti-
cally active sites for CO, reduction have not been identified
yet. Reaction pathways and mechanistic studies of the CO,RR
on SnO, electrocatalysts have been mainly performed by
theoretical calculations, investigating the effect of a moderate
number of oxygen vacancies,”’ the presence of surface

hydroxyls®® and the use of doping agents,””*”*° but a uniform
computational model about the involved surface termination at
experimental conditions does not exist yet.

In this paper, we employ ab initio density functional theory
(DFT) calculations to investigate how the selectivity and
reactivity of SnO, surfaces toward the CO,RR change at
varying degree of reduction. We compare the free energy
profiles for the CO,RR and the competing hydrogen evolution
reaction (HER) and discuss the surface features responsible for
HCOOH selectivity. Our results reveal that the stoichiometric
SnO, surface is not catalytically active and spontaneously loses
oxygen species at low applied potential. This spontaneous
oxygen loss leads to tin-rich metallic surfaces, which become
selective toward HCOOH products when at least a Sn bilayer
is formed at the catalyst surface. When SnO, is completely
reduced to metal, molecular hydrogen evolution becomes
competitive.

B THEORETICAL METHODS

Our theoretical predictions are based on DFT calculations
performed with the Quantum Espresso package.*"** The
Kohn—Sham equations are solved employing the Perdew—
Burke—Ernzerhof (PBE) functional”® to describe the ex-
change-correlation effects and ultrasoft pseudopotentials*™* to
describe the electron—ion interaction. A plane-wave basis set
with 38 Ry (380 Ry) cutoff was employed to represent the
electronic wave functions (densities). Surface structures were
represented by employing asymmetric SnO,(110) slabs
composed of four atomic layers, and each layer corresponds
to one SnO, unit. The atoms in the two bottom layers were
kept fixed at their bulk positions. To prevent side interactions
between periodic images, we employed a 2 X 2 surface
supercell and a vacuum layer in the direction perpendicular to
the surface of 15 A. The Brillouin zone was sampled employing
a 6 X 6 X 6 Monkhorst—Pack mesh*’ for the bulk calculations
and reduced grids for surface calculations. All structures were
relaxed by minimizing the atomic forces; the convergence
threshold of energy and forces was set to 10> Ry and 10™* Ry/
Bohr, respectively. The final bulk-optimized lattice cell
parameters are a = b = 4.83 A and ¢ = 3.24 A. These values
are in agreement with previously published experimental and
theoretical data within 2% variations.*®

To investigate the behavior of the proposed electrocatalyst,
the Gibbs free energy profiles were calculated for the CO,RR
pathways to formic acid and carbon monoxide production at
the surface. We compared the energy trends with the
competing HER and catalyst self-reduction reaction, employ-
ing the computational hydrogen electrode (CHE) proposed by
Norskov and collaborators.”” Free energy profiles display the
free energy variation (AG) along the reduction reaction, from
the reactants to the final products, through various
intermediate states. The studied reactions involve the exchange
of two electrons and two protons and a single intermediate
step. From the analysis of the energy profiles, it is possible to
determine the thermodynamic onset potential (U, for each
reaction defined as

[AG'(0V) ]
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where AG’ is the free energy variation of a reaction step (r),
while 7, represents the number of electrons exchanged in the
step. For more details, see Supporting Information, Section 1.4.
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Figure 1. Side views of stoichiometric (a), half-reduced (b), and reduced (c) SnO,(110) surface. Atom color code: Sn gray and O red. Panel d:
U,pset Vs RHE for CO,RR, HER and self-reduction mechanisms on SnO,(110) surfaces at increasing reduction degree. Reaction intermediate color
code: *COOH blue, *OCHO red, *H gray, *OCOOH yellow, and *OH cyan.

Finally, because of the introduction of systematic errors in
the calculation of the total energies of CO and CO, by PBE
functionals, statistical corrections to OCO-molecules (reac-
tants, intermediates, and products) were applied.”® Solvation
corrections were included as reported in the Supporting
Information.

B RESULTS AND DISCUSSION

To understand SnO, reactivity toward the CO,RR, we focused
our study on the low-index (110) facet, which is known to
represent the thermodynamically most stable SnO, surface.*’
As detailed in the Introduction, experimental investigations
have not succeeded in uniquely identifying the structure and
stoichiometry of the tin oxide surface during CO, electro-
reduction. We thus calculated the free energy profiles of
competing reduction reactions on the Sn0,(110) surface at
different surface stoichiometries (ie. reduction degree). In
particular, for a given surface structure, we considered several
competing processes that may take place at an oxide electrode
surface under applied bias: noncatalytic surface self-reduction
processes, CO,RR and HER.

Self-reduction typically occurs at an oxide surface through
reactions that involve the successive loss of surface oxygen
species and the formation of understoichiometric structures.
Both CO, and H' in the electrolyte may react with the surface
oxygens (*O) by respectively forming carbonate and water as
products, according to the following processes

CO, +2(H" + ¢7) + *O - H,CO; + V, (1)

2(H " +e7) + O » H,0 + V; (2)

During these reactions, the proton-electron transfer
generates surface oxygen vacancies (V,), and correspondingly,
Sn rich layers form. Reaction 1 unfolds into two steps

CO, + (H" +¢7) + O —» *OCOOH (1a)

*OCOOH + (H" + ¢7) —» H,CO, + V, (1b)

occurring via formation of a bicarbonate (*OCOOH)
intermediate attached to the surface which is then released
as carbonic acid. Reaction 2 is also split in two steps

(H*+¢7) + 0 - *OH (2a)

*OH + (H" +¢7) -» H,0 + V] (2b)

and proceeds via formation of a surface hydroxyl (*OH) which
is then released as water.

On the contrary, when the surface works as an electro-
catalyst, CO, can be reduced either to formic acid or to carbon
monoxide via two sequential proton-electron (H* + e7)
transfers

CO, + 2(H* + ¢7) - HCOOH (3)
CO, +2(H" +e7) » CO + H,0 (4)

These two reduction reactions are competing and proceed as
follows

CO, + (H* + ¢7) » *OCHO (3a)

*OCHO + (H' + ¢7) - HCOOH (3b)
and

CO, + (H* + ¢7) » *COOH (4a)

*COOH + (H* + e7) —» CO + H,0 (4b)

Path (3) involves an *OCHO intermediate, formed after a
first (H' + e7) pair transfer. This intermediate then transforms
into HCOOH upon reaction with a second (H* + e”) pair.
Path (4) proceeds instead through a >“COOH intermediate
that leads to the release of CO and water.’

In aqueous solution, the CO,RR competes also with the
HER according to the following reaction

2(H" +e7) > H, (s)
which typically consists of the following two steps

https://doi.org/10.1021/acs.jpcc.2c02583
J. Phys. Chem. C 2022, 126, 1444114447
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Figure 2. CO,RR reaction paths to HCOOH and CO through *OCHO (red line) and *COOH (blue line) intermediates, respectively. HER
reaction paths are also included (gray line). Panel a: 2Sn@SnO, surface at U = 0 V with respect to RHE and relative *COOH, *OCHO, and *H
adsorbates (panels ¢, d, and e, respectively). Panel b: Sn(101) surface at U = 0 V with respect to RHE and relative *COOH, *OCHO and *H
adsorbates (panels f, g and h, respectively). Atom color code: Sn gray, O red, H white, and C black.

(H " +¢) > *H (5a)

"H+ (H" +¢) - H, (5b)

involving the adsorption of atomic hydrogen (*H) at the
surface.

To understand if the SnO,(110) self-reduces or if it works as
an electrocatalyst, we calculated the thermodynamics of the
reaction paths of the reactions mentioned above and compared
the values of the predicted onset potentials for surfaces at
varying stoichiometry. U, determines the potential-limiting
step of the overall reaction pathway and allows predicting
which reaction preferentially occurs at a given applied bias. For
a given surface structure, the reaction path characterized by the
lowest Uy, is thermodynamically favored.

Figure 1d compares U, values obtained from the free
energy profiles for CO,RR, HER, and self-reduction on the
Sn0,(110) surface for different surface stoichiometries. Free
energy profiles for the CO,RR, HER, and self-reduction
reactions at the stoichiometric, half-reduced, and reduced
Sn0,(110) surfaces are reported in Section 3 of the
Supporting Information.

We start our analysis from the stoichiometric SnO,(110)
surface whose geometry is represented in Figure la. This
surface exposes oxygen atoms in a so-called bridging
configuration (Oy,) and under-coordinated Sn ions. The
potential-limiting steps for the CO,RR and HER are the
adsorption of carbon dioxide (reactions 3a and 4a) and the
adsorption of hydrogen (Sa) respectively, while for self-
reduction, it is the removal of the final product (reactions 1b
and 2b). On the stoichiometric surface, our calculations
showed that the Oy, atoms were the preferred species for
binding CO, and H adsorbates, in the form of *OCOOH and
*OH, respectively, with negative adsorption free energies. The
relaxed geometries of carbonate and hydroxyl intermediates are
reported in Figure S7 of the Supporting Information. The
adsorption of *OCOOH species (Figure S7d) shows the
lowest U, value (—0.34 V vs RHE), suggesting that, in the

14444

presence of dissolved CO,, the self-reduction of the
stoichiometric SnO,(110) surface (Figure la) occurs via the
carbonate intermediate. This indicates that the evolution of
Sn0,(110) under applied bias initially leads to a complete loss
of the oxygen bridging atoms, giving rise to a surface geometry
which in the literature is indicated as half-reduced (Figure 1b).

The analysis of the competing reaction onset potentials on
the half-reduced surfaces shows that at the potential required
to remove Oy, self-reduction processes are still preferred. At
this stage, protons spontaneously adsorb (AG* < 0) on the
exposed in-plane surface oxygens (Oin_PI) which are moved out
of plane and generate hydroxyl species as represented in Figure
S1b. These *OH are then released as H,O molecules, leading
to a further reduction of the SnO, surface to what in the
literature is reported as reduced SnO,(110) surface (Figure
1c). From an analysis of the graph reported in Figure 1d, it is
apparent that further reduction of this surface structure occurs
at higher external biases, though still lower than those required
to reduce CO, to CO or HCOOH (U, — 2.00 and — 1.51 V
vs RHE, respectively), or for HER (—1.49 V). Indeed, the
remaining O;,., atoms at —1.01 V vs RHE are further removed
from the surface via proton adsorption and release of water
molecules (Figure S7c). As a result, at relatively low potentials
(about —1.01 V vs RHE) the preferred reaction occurring at
the Sn0,(110) surface consists of the successive removal of
oxygen atoms (first Oy, and then Oj, ;) which ultimately leads
to a surface exposing tin atoms only. In this potential range, the
surface does not work as a catalyst, but it gets modified under
the effect of the external bias, evolving toward Sn rich
terminations. These results can be better understood by
analyzing the projected density of states of different reaction
intermediates at the SnO,(110) surface at varying stoichiom-
etry (Figure S11 in the Supporting Information): formation of
*OH and *OCOOH species (intermediates leading to surface
self-reduction) is more favored than *OCHO one (inter-
mediate that leads to formic acid) as proven by the deeper
energy of the corresponding bonding states. Until there are
available oxygen atoms at the SnO,(110) surface, *OH and

https://doi.org/10.1021/acs.jpcc.2c02583
J. Phys. Chem. C 2022, 126, 1444114447
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*OCOOH are preferred and the surface self-reduces. Given
these results, we studied the catalytic activity of the system
when an increasing number of metallic tin layers are formed at
the oxide surface. In particular, we analyzed the SnO,(110)
surface reactivity when one or two tin layers are exposed and
compared the results to the surface of metallic tin.

When a single tin layer is formed at the top of the
Sn0,(110) facet (1Sn@SnO,, Figure S8a), the surface appears
to be still inactive toward both the CO,RR and HER (Figure
S8b). Indeed, at the first proton-electron transfer, all three-
adsorption steps (reactions 3a, 4a, and Sa) have negative free
energies. Moreover, the product formation (steps 3b, 4b, and
5b) corresponds to the potential-limiting step and the
production of HCOOH involves the highest thermodynamic
free energies (AG™ = 1.04 eV) compared to CO (AG* = 0.52
eV) and H, (AG® = 0.53 eV).

When, instead, SnO, reduction proceeds to form a bilayer of
tin on the surface (2Sn@Sn0O,, Figure S10), the catalytic
behavior completely changes, and the system becomes
selective toward formic acid. This is evident from the analysis
in Figure 2a (U, = —0.44 V vs RHE) in which, for
comparison, we reported the free energy profile for the CO,RR
and HER (at U = 0 V vs RHE) both at the 2Sn@SnO, (panel
a) and at a metal Sn(101) surface (panel b). The latter
represents one of the most stable tin surfaces according to
previous literature studies.”’ In the case of the CO,RR, both
reduction paths to HCOOH (red path) and CO (blue path)
were considered.

Analyzing the two panels of Figure 2, we observe that the
three competing reaction pathways show similar energy
profiles, suggesting that processes are not spontaneous at U
= 0V vs RHE and require the application of a negative U,
The first proton-electron transfer is uphill, and it determines
the U, of the reaction on both surfaces.

As for the CO,RR, the formation of *COOH species is
thermodynamically less favored with respect to *OCHO
intermediates. Particularly, the energy needed to convert CO,
to *COOH is markedly higher on the 2Sn@SnO, surface
(AG* = 1.22 eV) if compared to Sn(101) (AG* = 0.82 eV).
On the contrary, the free energy profile corresponding to
*OCHO adsorbate on the tin bi-layered oxide is consistently
similar (AG> = 0.44 €V) to the pristine metallic surface (AG>
= 0.40 eV). This result demonstrates that these reduced
surfaces are selective toward the production of formic acid.

With respect to the HER, Figure 2 highlights that the
formation of *H intermediates is disfavored on the 2Sn@SnO,
(AG™ = 0.78 V) if compared to Sn(101) (AG™ = 0.58 eV).
This confirms that the selectivity toward HCOOH is higher in
partially reduced SnO, surfaces exposing at least two metallic
tin layers. When the surface reduction proceeds giving rise to
thick tin metallic phases, the hydrogen evolution reaction
becomes possible and HCOOH faradaic efficiency is expected
to decrease.

B CONCLUSIONS

In conclusion, our results show that SnO,(110) surfaces are
not intrinsically catalytically active for the CO,RR or HER, but
they reduce under an applied external bias, originating
structures exposing tin atoms only. Moreover, our calculations
show that as soon as a metallic tin bilayer is formed at the
SnO, surface, the material selectively reduces CO, to formic
acid. These findings are important to interpret experimental
results and to identify the relevant CO,RR catalytic active sites

in SnO,. In fact, several measurements, including operando,
show that under working CO,RR conditions both zerovalent
tin and oxidized tin species are detected.”>*® According to our
results, a thin layer of Sn is involved in the catalytic reaction,
while the signal of oxidized tin species observed experimentally
originates from subsurface layers which are not directly in
contact with the electrolyte. Because two tin layers are enough
to give selectivity toward formic acid, highlighting such
structure may be very difficult with standard experimental
techniques such as XRD. Moreover, when the catalyst is
analyzed ex situ, the few reduced tin layers most probably
quickly re-oxidize and their presence becomes undetectable.
When a higher bias is applied, a thick layer of reduced tin
layers is formed and, although the system is still catalytically
active, our calculations show that the evolution of formic acid
and hydrogen becomes thermodynamically competitive, and
the catalyst loses in selectivity.
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