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Formic acid (HCOOH,), the acidic form of formate, is an important hydrogen carrier which can be
directly used in fuel cells. Development of earth-abundant element-based catalysts to convert
carbon dioxide (CO;) into HCOOH or formate with high selectivity and high efficiency has been
a vigorous research activity in recent years but remains an unsolved challenge. In this contribution,
using one-step anodization, we prepare nanotubular SnO, porous nanostructures with high surface
area (90.1 m? g4, large porosity (0.74 cm® g™, and rich grain boundaries for electrochemical CO,
reduction (CO2RR). They exhibit stable 95% faradaic efficiency (FE) towards CO,RR and 73% FE for

formate at —0.8 Vgye. The notable performance of such SnO, nanostructures can be attributed to

Received 8th April 2020 . . . . ) ) ) . )
Accepted 8th June 2020 their unique structural and chemical properties, which provide active sites for CO, adsorption and
conversion, and easy access for CO, to the active sites. The insights gained from the structure/
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Introduction

Electrochemical CO, reduction (CO,RR) to carbon-based fuels
is a promising strategy for renewable energy storage and net
carbon emission."” Liquid fuels, such as formic acid
(HCOOH),*®* methanol® and ethanol,' produced via CO,
electroreduction are actively sought because they can be
directly used as energy-intensive carriers for fuel cells.
Particularly, formic acid has been identified as an ideal
hydrogen carrier owing to its high volumetric density (53.4 g
H, L"), and low toxicity and volatility.'* However, achieving
highly efficient and selective electrocatalysts for converting
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relationships might be beneficial for

designing superior electrocatalysts for CO,

CO, into HCOOH is challenging due to the myriad possible
reaction pathways and sluggish reaction kinetics in the
process of CO,RR.

The formation of the intermediate CO,"~ is a rate-
determining step for CO,RR in most pathways.'> Metals like
Pb, In, Zn, Sn, Pd and Bi, can hardly bind the intermediate
CO,'~ and hence are able to produce formic acid (or formate
when pH > 3.8) at low overpotentials typically via the outer-
sphere mechanism.”®* Among these metal-based electro-
catalysts, Sn and its derivatives (e.g., SnO,, Sn alloy), as earth-
abundant, low-cost and nontoxic materials, have attracted
particular research interest, due to their capability of cata-
lyzing CO, into formate with decent faradaic efficiencies (FEs)
at moderate potentials.**>" For example, Meyer et al. found
a maximum FE of 86% for formate at —1.8 Vscg when loading
nanoscale SnO, particles on carbon black.™ Xie et al. reported
that Sn quantum sheets confined in graphene exhibited ~89%
FE towards formate at the same potential.*® These results point
out that the catalyst size and composition, which are corre-
lated with the number and intrinsic properties of active sites
exposed during CO, reduction, play important roles in deter-
mining the formation of formate. In addition, the electro-
catalysis of CO, in aqueous solution is an electrochemical
reaction at the three-phase interface of gas (CO,), liquid
(electrolyte) and solid (catalyst). The concentration of reactant
CO, on the surface of the catalyst affects the electrocatalytic
performance and is governed by at least two factors: (1) the
CO, transport within the catalysts; (2) the CO, adsorption on

This journal is © The Royal Society of Chemistry 2020
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the catalysts. Therefore, the structure of the catalyst also
matters critically in the formate formation activity. For
example, hierarchical mesoporous SnO, nanosheets were re-
ported to facilitate the mass transfer of CO,, leading to a value
of 87% FE for formate at a moderate overpotential (0.88 V).*®
SnO, nanowires with a high density of grain boundaries were
proposed to enhance the CO, reduction into formate (ca. 80%
FE at —0.8 Vgyg) via reforming the binding energy of the
reactant or intermediates.'”” Taken together, these works
conclude that formate production by CO,RR is sensitive to
a variety of parameters, including size, structure and compo-
sition etc. However, to date, it remains a challenge to incor-
porate these parameters to achieve an efficient electrocatalyst
for the conversion of CO, to formate.

In this work, we report the results of an electrochemical
study on the CO, reduction at SnO, porous nanostructures
with integrated characteristics of high surface area, large
porosity, and rich grain boundaries that favor the CO,-to-
formate conversion. The SnO, porous nanostructures were
prepared by an anodization approach which is a facile yet
effective technique for fabricating various porous metal oxides
with ordered tubular nanostructure.”> The as-prepared anodic
SnO, porous nanostructures exhibit a tubular structure (pore-
size: ~45 nm) with abundant nanograins within the size range
of 3-5 nm. The porous structure provides a large specific
surface area (90.1 m*> g~') and high porosity (0.74 cm® g™ "),
while the grain boundaries render a strong CO, affinity with
the heat of adsorption up to 50 k] mol ', the upper limit of the
physical adsorption. When tested as the electrocatalyst for the
CO,RR, the SnO, aerogels maintain 95% faradaic efficiency
(FE) towards CO,RR and 73% FE for HCOOH at —0.8 Vvs. RHE
for 12 h. Miscellaneous characterizations, including trans-
mission electron microscope (TEM), N, (77 K) and CO, (273
and 298 K) adsorption, X-ray photoelectron spectroscopy (XPS)
and electrochemistry, combined with theoretical calculations
were employed to elucidate the correlations between the
structure and composition of the aerogels and their CO,RR
performance.

Experimental section

Chemicals and instruments

Sn foil (thickness of 200 pm, purity > 99.99%, Renxin Metal),
Nafion solution (5 wt%, Shanghai Hesen), Nafion® 117 cation
exchange membrane (H' form, Shanghai Hesen), carbon black
(VULCAN XC72, Cabot), and other chemicals (Analytic Reagent)
are used as received. The X-ray diffraction (XRD) was taken from
Rigaku Ultima Iv. A scanning electron microscope (SEM, FEI,
Verios 460L) and a high-resolution transmission electron
microscope (HRTEM, FEI, Talos F200X) were utilized to char-
acterize the morphology and high-resolution structure. X-ray
photoelectron  spectrometer (XPS) was determined on
a Thermo Scientifica (ESCALAB250xi). Electrochemical
measurements were carried on an electrochemical workstation
(CHI760e, Shanghai CHI). Products in the gas phase were
determined by a gas chromatograph (GC, 979011, Zhejiang Fuli)
equipped with thermal conductivity and a flame ionization
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detector. Products in solution was detected by a nuclear
magnetic resonance (NMR, Bruker, 400M).

Synthesis of SnO, tubular array by anodic oxidation

The surface oxide layer was firstly removed by soaking an Sn foil in
a KOH solution (0.1 M) for 5 min, and then the Sn foil was ultra-
sonically cleaned in deionized (DI) water for later use. The anod-
ization process was carried in a two-electrode cell, where the
cleaned Sn foil was used as a working electrode and a graphite
plate was used as the counter electrode with the distance of 1 cm. A
constant voltage (8.0-12.0 V) was applied to the working electrode
using a potentiostat instrument in a 0.5 M oxalic acid
(HxC,04-2H,0, 99.5%) electrolyte for 5 min at room condition.
After anodization, the Sn foil was repeatedly washed with DI water
before ultrasonically stripped.

Fabrication of catalytic electrode

The electrode was fabricated through a dropping-coating
method. Typically, SnO, powders (4 mg), carbon black (2 mg)
and Nafion® solution (60 pL) were mixed with 1 mL mixture of
DI water and ethanol (7 : 3 in v/v) and followed with ultrasonic
treatment for 5 min to form a homogeneous ink. The suspen-
sion (80 uL) was dropped onto a glassy carbon electrode with an
area of 1 x 1 cm? to form the catalyst layer with a loading
amount of 300 pg cm™> and the electrode were naturally dried
for further electrochemical measurements.

Electrochemical measurement

All electrochemical CO, reductions were performed by using
a well-sealed H-type cell with standard three-electrodes, in
which two chambers were separated with a piece of Nafion® 117
membrane. One side of the H-cell was equipped with inlet and
outlet, where CO, (99.99%) could be bubbled into the reaction
cell through an inlet and the product in the gas phase would be
introduced into a GC by the outlet. The area of the working
electrode was 1 cm x 1 cm. An Ag/AgCl electrode (sat. KCl) was
used as a reference electrode, and a Pt foil (99.999%, 1 cm x 1
cm) was used as a counter electrode, which was infiltrated into
the electrolyte of 0.5 M KHCO; aqueous solution for all elec-
trochemical testing. The cyclic voltammetry (CV) under poten-
tials ranging from 0.4 to —1.0 Vgyg by varying the scan rate of
50 mV s~ . The time-current curve was obtained by carrying out
constant working potential at various potentials —0.7 to —1.2
Vrue. Meanwhile, the average current density was obtained by
dividing the total current by the geometric area of the working
electrode. The potential values involved in this work were all
calibrated to the potential of the reversible hydrogen electrode
(RHE) by using eqn (1):*

E(vs. RHE) = E(vs. Ag/AgCl) + 0.197 + 0.0591 x pH (1)

The high-purity CO, was continuously introduced into the
electrolyte (0.5 M KHCOj3) for 30 min to make the solution reach
a saturated state of CO, (pH = 7.2) before the electrochemical test.
The flow rate of CO, gas was controlled to be 5 mL min~* and the
cathode chamber electrolyte was continuously stirred to accelerate
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the bubble diffusion on the electrode surface at a rotation speed of
600 rpm during the electrolysis process. All tests for this work were
controlled at room temperature and ambient pressure.

Product determination

The gas-phase products were quantified using a GC during 3 h
long bulk electrolysis. Under the same test environment, the
gas peak area detected by gas chromatography has a certain
linear relationship with its actual concentration, so that the
gas with known concentration can be used to calibrate and
analyze the gas with unknown concentration, which combined
with current density to calculate the faradaic efficiency (FE) by
using eqn (2)-(4):*

Ju, = ((peak area)/a) x (flow rate) x (2FPy/RT)
x (electrode area)™! (2)

jco = ((peak area)/B) x (flow rate) x (2FPy/RT)
x (electrode area) ™ 3)

FEm,co (%) = (inycolitora) X 100
= (VHZ/CO X Q X (ZFP()/RT')) x 100 (4)

where, ji, and jco represent partial current densities of H, and
CO, « and ( represent peak area conversion coefficients of H,
and CO calculated from standard GC mixtures, F is Faraday
constant (96 485 C mol '), R is ideal gas constant (8.314 ]
(mol K)™*), Py = 1.013 bar, T = 273.15 K.

The product in solution was detected and quantified by
NMR. The 0.4 mL of post-cathodic reaction mixed with 0.1 mL
deuteroxide (D,O) and 0.1 mL dimethyl sulfoxide (DMSO, 100
ppm) as internal standard. The 'H spectrum was measured with
water suppression by a presaturation method. The area ratio of
the formate peak to the DMSO peak was compared to the
standard curve made by using sodium formate and the internal
standard DMSO to calculate the amounts of formate products.

Computational details

All Spin-polarized calculations in this work are carried out using
the Quickstep® module of the CP2K program package,**
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a program developed for electronic structure calculations and
molecular dynamics based on the Gaussian and plane waves
formalism.** The generalized-gradient approximation (GGA)
with spin-polarized revised PBE functional (revPBE) is selected
to describe the exchange-correlation energy. All the structures
and energies of the stationary points included in our work are
evaluated at the DFT-D3 level with the approximation suggested
by Grimme* added to the revPBE calculated energy. The
wavefunctions were expanded in an optimized double-{
Gaussian basis set*®** with a cutoff energy of 500 Rydberg.*®
Core electrons have been modeled by scalar relativistic norm-
conserving pseudo potentials®® with 4, 6, 1 and 4 valence elec-
trons for Sn, O, H and C, respectively. Brillouin zone integration
is performed with a reciprocal space mesh consisting of only the
gamma point. The convergence criterion for the maximum
force is set as 2 x 10~ °. Thermochemistry calculation is
implemented by TAMKkin,** a toolkit for normal mode analysis A
(19.11 A x 20.10 A) and 5 O-Sn-O layers thick supercell has
been selected to represent the SnO,{110} surface. A vacuum
region between repeated slabs is set to be 30 A, which ensures
the negligible interaction between periodic replicas.

Results and discussion

Fig. 1 illustrates the typical fabrication of the porous SnO,
nanostructures by the anodization approach wherein an Sn foil
and a graphite plate were used as the anode and cathode,
respectively, in an oxalic acid solution (0.5 M). After being applied
with a specific voltage (i.e., 8, 10 and 12 V) for 5 min, the porous
SnO, structures were formed on the surface of the Sn foil. They
are hereafter denoted as SnO,-AO, (x: the anodization voltage).
The SnO,-AO, layers can be easily exfoliated from the anode, and
then used to construct the catalytic electrode for CO,RR.

Fig. 2 and S11 report the structural characterization of the as-
prepared SnO,-AO, aerogels by scanning electron microscopy
(SEM) and transmission electron microscope (TEM). From the
SEM of the Sn0O,-AO;, (Fig. 2a and b), highly ordered porous
structures are observed with the average pore size within the
range of 40-50 nm (Fig. 2c). Varying the anodization voltage
(i.e., 8 and 12 V) leads to similarly porous SnO,-AOg and SnO,-

Anodic

N

Sn plate

CO+HCOOH CO,

Nanoporous SnO,/C

>
oxidation

Nanoporous SnO,/Sn

Exfoliation

Nanoporous SnO,

Fig.1 Schematic representation of the fabrication of anodic SnO,—-AO, porous nanostructures that are used as the electrocatalysts for CO,RR.
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Fig. 2
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(a and b) SEM images and (c) the corresponding pore size statistical analysis of the surface of SnO,-AO14. (d) SEM and (e) TEM images of

the cross-section of SNO,—AO. (f) High-resolution TEM image and the corresponding electron diffraction pattern (inset) of SnO,—-AO1q.

AO;, nanostructures with only slightly different pore sizes
(Fig. S17). The cross-section SEM image further illustrates that
the porous SnO, layer is comprised of arrays of tubes that are
nearly perpendicular to the Sn substrate (Fig. 2d and S2). Here,
the tubes are expected to promote the mass transfer and reac-
tion during CO,RR.™ TEM was additionally employed to study
the tubular structure, which shows that the wall thickness of the
tubes is 5-10 nm (Fig. 2e). Interestingly, a closer view enabled by
the high-resolution TEM (HRTEM) reveals that the tube walls
are constituted by many small interconnected nanoparticles (3-

5 nm) through grain boundaries (Fig. 2f and S37). The indi-
vidual particles have good crystallinity, as indicated by the
interplanar distance of 0.33 nm, which corresponds to the d-
spacing of the (110) plane of SnO,, and further confirmed by
some discrete spots in the corresponding electron diffraction
pattern of the HRTEM image (inset of Fig. 2f). In addition, the
diffraction rings resulting from many spots very close together
demonstrate the polycrystalline nature of the tube wall as
a whole. Since ultra-small SnO, nanoparticles and grain
boundaries have been found to be active sites for CO,RR,***7:32
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the isotherm, and (c) pore size distribution derived from CO, adsorption at 273 K, (d) XRD patterns of SnO,—-AO;0 and Sn foil, (€) XPS Sn3d and (f)

XPS O1s spectrum of SNnO,—AO0.
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the hierarchical SnO,-AO,, nanostructures that feature tubular
structure, ultra-small NPs and abundant grain boundaries show
great promise for CO,RR.

To gain more insights into the porous structure, N,
adsorption-desorption isotherms at 77 K were measured to
characterize the surface area and porosity of the SnO,-AO;,
nanostructures. As shown in Fig. 3a, the N, uptake increases
slowly with the pressure in the low-pressure range then shoots
up when P/P, exceeds 0.9. The isotherm thus belongs to the
Type-1I, as defined by IUPAC,* which indicates the presence of
both micropores and mesopores in hierarchical porous struc-
tures. By applying the Barrett-Joyner-Halenda (BJH) method to
the desorption data, the mesopores were found to be within an
average size range of 40-50 nm (Fig. 3b), in good agreement
with the SEM results (Fig. 2b and c) and reflecting the actual
pores created by the anodic oxidation. On the basis of addi-
tional data of CO, adsorption at 273 K, the micropores were
found to display a bimodal size distribution at 0.6 and 0.8 nm
(Fig. 3c).

These micropores may arise from the gaps between nano-
particles in the tube walls, as revealed by the HRTEM image of
the structure (Fig. 2f). Thanks to these pores of micro- and
meso-sizes, the Sn0,-AO;, nanostructures exhibit an extremely
high BET surface area (90.1 m”> g~ ") and porosity (0.74 cm® g™ ).
As a result, fast mass transport and easy access of reactants to
the active sites during CO,RR can be expected.

Finally, we investigated the crystal phase and chemical
structure of the Sn0O,-AO,, aerogels by X-ray diffraction (XRD,
Fig. 3d) and X-ray photoelectron spectroscopy (XPS, Fig. 3e and f).
From the XRD pattern, the diffraction peaks that can be
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unambiguously indexed to rutile tetragonal SnO, (JCPDS card no.
41-1445) are observed, confirming the pure SnO, phase and
crystallinity of SnO,-AO;, nanostructures and demonstrating the
successful conversion of pure Sn to Sn0O,.** As a comparison,
Sn0,-AOg and SnO,-AO;, nanostructures exhibit similar pure
SnO, phase but much poorer crystallinity (Fig. S4T). However, the
mechanism as to how the anodization voltage affects the crys-
tallinity is unclear at this moment, which will be examined in the
future. Concerning the compositional information, the two peaks
at 495.5 and 487.1 eV in the XPS spectrum are the characteristic
peaks that can be assigned to Sn 3d;, and 3ds, ionizations,
respectively, confirming the Sn*" valence state of Sn element in
the tin oxide aerogels (Fig. 3e).** Additionally, the XPS spectrum
of O 1 s was collected (Fig. 3f). The peak fitting analysis verifies
the oxygen bonding either with Sn as Sn-O bond (530.8 eV) or
with H as -OH (531.9 eV) adsorbed on the aerogels surface.*
To evaluate the CO,RR performance, we first examined the
catalytic activity of SnO,-AO, nanostructures and an Sn plate by
the Cyclic Voltammetry (CV) (Fig. 4a and S51). In the N,-satu-
rated 0.5 M KHCO; solution, the marked increase in the
cathodic current at ~—0.80 V vs. RHE is associated with the
hydrogen evolution reaction (HER), a parasite and competing
reaction in aqueous solution against CO,RR. By contrast,
a more drastic current increase occurring at a much lower
potential (—0.6 Vryg) was observed in the CO,-saturated 0.5 M
KHCO; solution, meaning that the CO,RR is catalytically more
favored over HER on the SnO,-AO,, catalysts. It is worth noting
that the two cathodic peaks correspond to the reduction of SnO,
to SnO (at —0.26 Vgyug) and SnO to Sn (at —0.34 Vgyg), while the
anodic peaks arise from the oxidation of Sn to SnO (at —0.1 V)
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Fig. 4 (a) CV curves of SnO,—~AO10 in N»- and CO,-saturated 0.5 M KHCOs solution, scan rate: 50 mV s ~L. (b) FE of Sn plate, SnO,—AOg, SNO»—
AQO;0, and SNO,-AO;; (from left to right at each potential) for H,, CO and formate. (c) Temporal evolution of the current density and FE toward
H,, CO, formate and CO + formate of the SNnO,—AO;o catalyst at —0.8 Vgye for 12 h.
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and SnO to SnO, (at 0.05 V).** As control samples, SnO,-AOsg,
Sn0,-AO;, and Sn electrode exhibit slightly more negative
onset potentials (~—0.7 Vgyg) for the CO,RR and much lower
current density at each specific potential (Fig. S6,T for example,
Sn0,-AOg: ~6 MA cm ™2, Sn0,-AO;,: ~3 MA cm ™2, Sn: ~2 mA
em ™2, Sn0,-AO;o: ~10 mA cm > at —0.8 Vgyg). The lower
activity of the other two SnO, nanostructures (i.e., SnO,-AOg
and Sn0,-AO;,) might be due to their poorer crystallinity
(Fig. S47) which limits the electrical conductivity, as corrobo-
rated by the Electrochemical Impedance Spectroscopy (EIS)
analysis of the electrodes made of the three SnO,-AO, nano-
structures (Fig. S7t). Overall, the CV results demonstrate the
superior CO,RR activity of SnO,-AO,, aerogels to those of the
Sn plate and the SnO,-AOg and SnO,-AO;,nanostructures. We
further assessed the selectivity (FE) of the SnO,-AOy nano-
structures and Sn plate toward each product (i.e., H,, CO,
formate) at potentials ranging from —0.7 to —1.1 Vgyg, the
results of which are summarized in Fig. 4b and separately pre-
sented in Fig. S8-5S12.1 Consistent with previous reports,* the
main products detected by NMR and GC during the electrolysis
on the Sn plate are H, and formate (Fig. 4b, S8 and S97). The FE
for formate progressively increases with the potential from
~20% at —0.7 Vgyg until reaching a maximum of ~48% at —1.1
Vrue. Conversely, H, dominates in the lower potential range
(FE: ~65% at —0.7 Vryg).
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Although the FE for H, drops as the potential becomes more
negative, it sustains at a high level of ~50% at —1.1 Vg,
indicative of strong competition of HER against CO,RR on the
Sn plate. Interestingly, the anodization of the Sn plate resulted
in a dramatic improvement in the CO,RR. As illustrated in
Fig. 4b and S10-512,7 utilizing SnO,-AO, nanostructures as the
electrocatalyst generates an additional product, i.e. CO. The FE
toward CO, which decreases with the increasingly negative
potential, can be as high as ~25% at low potentials of —0.7 and
—0.8 Vrg. Moreover, regardless of the potential, the formation
of formate has been significantly boosted. For example, the
highest FE achieved on Sn0O,-AO;, (~82% at —1.0 Vgug)
corresponds to a ~1.8-fold enhancement over that on the Sn
plate (~46% at —1.0 Vgyg) and is even comparable with those
state-of-the-art results ever reported (Table S1). Concomitantly,
HER is substantially suppressed. In particular, the FE for H,
obtained over Sn0,-AO;, is critically below ~5% at —0.8 Vi,
in stark contrast with the ~60% over the Sn plate. If we consider
the total carbon conversion, the best performance is achieved
over the Sn0,-AO,, aerogels which display ~95% total FE (CO:
~22%; formate: ~73%) towards the CO,RR at —0.8 Vgpg.
Essentially, such a superior electrocatalytic performance can be
well maintained, as evidenced by the stable current density and
the C1 product (CO + formate) conversion, as well as the
constantly low FE toward H, (<~5%) over a long-term electrol-
ysis of 12 h (Fig. 4c). A plausible explanation for the high
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(@) CO, adsorption—desorption isotherm at 298 K and (b) the corresponding heat of CO, adsorption derived from the isotherm by

employing the Clausius—Clapeyron equation. (c) Free energy diagrams for the reaction pathways to H,, CO and HCOOH on SnO, (110).
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stability is good preservation of the porous structure, grain
boundaries and the chemical state of the Sn species (i.e., Sn*"),
as unravelled by the SEM, XRD and depth-dependent XPS
characterizations on the post-mortem SnO,-AO,, catalyst
(Fig. S13-S15%). These structural and compositional parameters
achieved by simply anodizing the Sn plate are thus the key to
understanding the mechanism by which the anodic SnO,
nanostructures promote pronouncedly the CO,RR.

As suggested by earlier studies, porous structures are highly
beneficial for CO,RR because they provide a large surface area
and facilitate the mass transfer.** Our SnO, aerogels should be
particularly advantageous in this aspect, because of their unique
porous structure. As a matter of fact, the BET surface area (90.1
m? g~ ") for the SnO,-AO;, nanostructures is considerably higher
than that attained by most porous SnO, nanostructures (e.g.,
SnO, porous nanowires: 35 m> g~ ', mesoporous tin oxide: 69.2
m? g~ ') and reaches a comparable level to that of hierarchical
mesoporous SnO, nanosheets (93.6 m* g~ ').*® Also, the EIS con-
ducted on the SnO,-AO,, electrode indeed shows a much-
improved electrolyte (containing CO, in the form of KHCOj;)
transfer over that on the Sn plate (Fig. S71). In addition to the
accessibility to the reactant, another important factor in deter-
mining the catalytic behavior is the intrinsic active sites the
catalyst owns. As mentioned above, the SnO, aerogels present
a high density of grain boundaries. Grain boundaries have been
proposed to be enhanced active sites for CO,RR due to their
favorable electronic and chemical properties which tune the
binding energy of the reaction intermediates.*”** Here, we further
propose that the grain boundary might also benefit the CO,
adsorption on the catalyst, the first step of CO,RR. In an exper-
iment of CO, adsorption-desorption on the SnO,-AO;, nano-
structures at 298 K (Fig. 5a), the isosteric heats of adsorption (Q)
at zero coverage is found to be as high as 50 k] mol ' (Fig. 5b),
which is the upper boundary of the CO, physical adsorption heat
(25-50 k] mol ") and approaches the chemical adsorption heat
(60-90 kJ mol *).>>* Lastly, the chemical state of the Sn species
should be also relevant, especially with the production of
formate. Tin oxide has displayed remarkable activity and selec-
tivity towards formate.**> The Sn*" species that can mostly
survive (~85%, Fig. $147) during CO,RR are thus believed to play
a crucial role in the formation of formate on Sn0O,-AO;, aerogels.
Advancing one step, we performed first-principles calculations to
assess the key energy pathways of the formation of H,, CO and
formate on the SnO, (110) surface (see details in the ESIt). The
free energy diagram in Fig. 5c clearly shows that the production
of formic acid is energetically more favorable than either the
evolution of H, or the formation of CO, thus confirming the
importance of the tin oxide in driving the FE toward formate.

Conclusions

In summary, we have fabricated tubular SnO, nanostructures
via facile anodization of an Sn plate. When tested as electro-
catalysts for CO,RR, the SnO, nanostructures can achieve
a relatively high current density at moderate potentials for
selective and stable production of formate. The outstanding
performance can be attributed to a combination of factors
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related to the structural and compositional properties: (1) the
high specific surface area (90.1 m*> ¢~ ') and large porosity (0.74
em® g7') enable easy access for CO, to the catalytic sites by
amply exposing the active sites and advancing the electrolyte
transfer; (2) the grain boundaries offer active sites for
enhancing the CO, adsorption and tuning the binding energies
of intermediates; (3) the Sn*" species together with its good
preservation under CO, conditions intrinsically dictates the
selectivity for formate and inhibits the H, evolution. We expect
this study to provide useful guidelines for developing porous
electrocatalysts for efficient CO, electroreduction.
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