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ABSTRACT: The electrochemical carbon dioxide reduction reaction (CO,RR) using renewable
electricity sources could provide a sustainable solution for generating valuable chemicals, such as formate
salt or formic acid. However, an efficient, stable, and scalable electrode generating formate at industrially
viable current densities (>100 mA cm™?) is yet to be developed. Sn or In-based catalysts in gas diffusion
electrodes (GDE) can efficiently produce formate. However, their long-term durability is limited owing
to catalyst deactivation, carbonate deposition, and electrode flooding. Herein, a systematic study of 20
cm® GDEs with SnO, and In,0; catalyst layers is presented in conjunction with various electrode
operation strategies (i.e., flow-by vs flow through, dry vs humidified CO,, continuous vs reverse polarity
pulse electrolysis). It is demonstrated that the incorporation of CeO, nanoparticles as a promoter in
either SnO, or In,O; catalyst layers coupled with intermittent reverse polarity pulse operation
dramatically improves the GDE stability during 12 h of tests at 500 mA cm™> with over 90% formate
Faradaic efficiency. Due to its strong oxidizing capacity, CeO, helps Sn and In regain their valence state
of + IV and + III, respectively, which are in situ reduced during CO,RR, as shown by the surface
characterization of the electrodes. The effect of the initial particle size of SnO, and reverse polarity pulse on the catalytic activity,
durability, and carbonate salt precipitation in the GDE have also been addressed. Regarding two-phase flow dynamics, the quasi-
convective gas flow through the GDE was more beneficial than the gas flow-by mode for enabling stable operation at high current
densities (up to 500 mA cm™?). The synergistic approach of catalyst layer engineering coupled with diverse GDE operation modes
explored here is promising for the scale-up of efficient and durable reactors for the CO,RR to formate and CO, redox flow batteries.
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1. INTRODUCTION

The two-electron electrochemical carbon dioxide reduction
reaction (CO,RR) to produce formate or formic acid is one of
the most intensely studied and potentially techno-economically
viable solutions for a carbon-neutral energy storage and
generation cycle. Due to its high energy density (~1725 Wh
kg™)," formic acid (or its salt) can be used as a hydrogen carrier
or as an energy storage medium for power generation in direct
fuel cells and redox flow batteries.” ® However, the lack of an
efficient CO,RR process with long-duration stability capable of
producing formate at high current densities (>100 mA cm™2)
with low energy consumption (<3 kWh kg™) is a significant
challenge for practical applications. The nature of the electro-
catalyst determines the intrinsic activity and formate selectiv-
ity.”~” However, the electrode performance at current densities

salt precipitation,
(flow-by and flow-through

Based on the pioneering work of Hori and co-workers on the
classification of metal electrodes for CO,RR, the p-block metals
(In, Sn, Bi, Pb, and Hg) are categorized to catalyze CO, to
formate, with high activity and selectivity.”” In the recent past,
considerable efforts have been devoted to understanding how
the catalytic performance of these metals and their derived
catalysts are related to the nature of active sites, morphology,
and oxidation state of these metal-based surfaces.”'~** For
instance, using density functional theory (DFT) , it has been
reported that during the electroreduction process, the presence
of Sn is needed in the + IV oxidation state to minimize the
overpotential, + II valence state to increase the formate
efficiency, and as a mixture of $n°/Sn™™Q, interface to
suppress the undesirable hydrogen evolution reaction (HER).”!

and the mode of electrolyzer operation
).17-20

above 100 mA cm ™ and larger geometric electrode areas (e.g,, Likewise, through experimental approaches, it has been
0.1 to 1.5 m?) is strongly influenced by the complex interacting
effects of many reactor components and variables, including Received: October 8, 2024
porous electrode configuration (e.g., gas-diffusion electrode™"” Revised: ~ December 6, 2024
vs trickle-bed'"'?), designs of flow fields, current collectors, and Accepted: December 11, 2024
turbulence promoters. These components influence the gas/ Published: December 20, 2024
liquid mass transport to the catalyst surface through porous
media,"” physical blockage of the active sites due to carbonate
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demonstrated that the multivalence states of Sn are essential for
enhanced CO, reduction and that the metallic Sn alone is
insufficient for better catalytic activity and long-term stabil-
ity.zz’24 However, it is still debatable whether the metallic Sn is
inactive for CO, reduction, contrary to the earlier findings on the
Sn metal,” or if there are other mechanisms related to Sn-based
electrode degradation.25 Like Sn, other formate selective
catalysts (In or Bi) also suffer instability issues.”**” Recently,
several strategies have been adopted to develop stable and
efficient electrocatalysts for CO,RR to formate by modifying the
structural and electronic properties via the introduction of other
metals (bimetallic), nonmetals (phosphorus, sulfur), reducible
metal oxides (CeO, and ALO;),”*** and by incorporatin§
active sites on a metal—organic framework (Bi-MOF).’
However, most of these studies are either carried out on a
small scale (<5 cm?), at low current densities (<200 mA cm™2),
or for a very short time. For instance, over InP colloidal quantum
dot-derived catalyst containing metallic indium and sulfide sites,
a high current density CO, electroreduction (1000 mA cm ™) to
formate with a Faradaic efficiency (FE) of up to 93% has been
reported, on a small electrode (1 cm?), for only 10 min of
reaction run.”> Zhao et al. reported over 1200 mA cm™> of
CO,RR to formate on an indium hydroxide gel with over 90%
FE with a small electrode size of 2.25 cm® and 10 min of
reaction.” At an operational current density of 500 mA cm ™, a
durability of 120 h with >85% FE was demonstrated by Yu et al.
on a CugSng catalyst layer. Nevertheless, only a 0.5 cm?* area
electrode was used in the 1.0 M KOH electrolyte.*® Using a 10
cm? gas-diffusion electrode , Ochoa et al. demonstrated up to
100% formate FE during the CO,RR at a current density of up to
1000 mA cm™ on a Bi CAU-17 metal—organic framework
(MOE)-derived Bi,O,CO; catalyst. A continuous 26 h of stable
operation was observed at 200 mA cm™> under basic pH.**
Operating an electrolyzer with a larger electrode area and higher
current density is desirable for practical applications, a prime
objective of this study, where the mass transfer, and pressure
effects change along the height of the electrode.

With regards to particle size, there is an overwhelming bod_)r of
literature on the nanosize effect on CO,RR electrocatalysis.”” >
Generally, nanoparticles exhibit a high specific surface area,
resulting in better utilization of catalysts. Furthermore, if
dispersed uniformly in the case of a supported catalyst, the
number of active sites could be further enhanced. However, at
the nanoscale, in addition to the geometric properties, the
electronic properties of the catalyst also change, and the metal—
support interaction could also modify the catalytic behavior. For
instance, despite Sn being a selective electrocatalyst for CO,RR
to formate, Wallace and co-workers have reported the
enhancement in CO formation, instead of formate, due to
favorable *COOH intermediate generation on an atomically
dispersed Sn on nitrogen-doped carbon nanofiber.*” Therefore,
understanding the particle size effect specific to the reaction
chemistry, ie., the CO,RR to formate, and the promotional
effect of foreign elements into traditional Sn or In-based
electrocatalysts capable of operating at high current densities
and reasonable electrode sizes warrants further investigation.
The state-of-the-art on CO,RR to formate is presented in the
Supporting Information section (Table. S1).

During CO,RR, besides catalytic deactivation, diffusion
limitation of dissolved CO, species, due to its low solubility in
aqueous medium (34 mM), prevents the operation from
exceeding 100 mA cm™2, which is industrially unfeasible.*' For
commercial applications, the trickle-bedtype reactor and the gas
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diffusion electrode-based electrolyzer are appropriate choices
for scale-up, as both designs aim to improve the gaseous reactant
mass transfer to the catalyst surface. On a laboratory scale trickle
bed reactors with sizes up to 320 cm?, Li and Oloman'” studied
the continuous CO,RR to formate on granulated tin 3D
cathode. Taking advantage of the beneficial impact of high gas
and liquid load and pressure on the CO, mass transfer capacity, a
peak formate FE of 91% at 60 mA cm ™ and 63% at 310 mA cm™>
in KHCO; + KCI catholyte was reported. The drop in the FE
was attributed to the deactivation of the Sn catalyst. Despite the
improvement in the mass transport characteristics, the
challenges in maximizing the effective electroactive bed
thickness, managing fluid flow, liquid holdup, and pressure
drop along the height to reduce the gas diffusion boundary layer
remain unsolved in electrochemical trickle bed reactor
technology.”” On the other hand, the porous gas diffusion
electrode (GDE) assembly overcomes the scarcity of CO,
species by supplying gas directly at the catalyst—electrolyte
interface.”” Despite this continuous gas transport mechanism,
the reported performance in the GDE-based system lies around
200 mA cm™?, with occasional reports above 200 mA cm ™2 but
in small-size electrochemical cells (typically 5 cm? or below).*
The flooding of the GDE porous structure is a prevalent factor
that limits electrode durability at high current density, which
depends on the gas permeability, thickness, porosity, and
hydrozphobic character of the diffusion media and catalyst
layer.”

The liquid saturation during flooded CO,RR operation also
results in carbonate salt accumulation owing to the known acid—
base chemistry between CO, and alkaline electrolytes, resulting
in the blockage of the catalytic active centers.'”"> The
electrowetting of the GDE is another prevailing phenomenon
that hinders performance due to changes in hydrophobic
character as a function of electrode potential and leaching of the
hydrophobic agent from the GDE over time. Electrowetting
limiting the performance of CO,RR has been noticed in the past
on the silver-based GDE.** More recently, a decay in the contact
angle (from ~14S to 108°) and loss in fluorine concentration
(indicative of hydrophobic agent leaching) of up to 20% from
the catalyst layer were observed by the present authors during
longer-term (>20 h) alkaline peroxide electrosynthesis using the
two-electron oxygen reduction reaction in a two-phase flow cell
at a current density of 500 mA cm™2"

The operational malfunctioning of the GDE-based CO,RR
process is also linked with the fluid flow dynamics and reactor
configuration.*> Unlike zero-gap electrolyzers, where the
membrane sandwiches the cathode and anode, the GDE-based
CO,RR to formate reactors are more prone to liquid flooding
due to an additional electrolyte layer between the membrane
and the cathode. This added complexity to the overall system
design warrants understanding the mass transfer effects under
two-phase flow at high current densities. The gas and liquid flow
rates, differential pressure between liquid and gas channels, and
mode of electrolyzer operation (gas-fed flow-by vs flow-
through) contribute to the GDE performance.'”**

Here, we investigate the effect of catalyst and electrode design,
flow dynamics, and reactor operation simultaneously to address
the challenges associated with the efficiency and durability of the
Sn- and In-based GDEs at high current densities up to 500 mA
cm ™2 with an electrode size of 20 cm?. Furthermore, the effect of
the initial particle size of SnO,, the catalytic promoter effect of
CeO, incorporation into SnO, or In,O; surfaces on stability, the
influence of cell voltage pulsation with reverse polarity on

https://doi.org/10.1021/acsomega.4c09202
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carbonate precipitation and valence states of catalysts, and the
interplay between the electrode fabrication procedure and the
reactor operation have been studied.

2. EXPERIMENTAL SECTION

The details of the commercial materials and chemicals used in
this work are provided in the Supporting Information section.

2.1. Functionalization of Carbon Support. The oxygen
functionality on the Vulcan carbon was created by treating the
pristine carbon with a concentrated HNO, solution (70%) in a
three-neck round-bottom flask. The mixture was refluxed at 120
°C for 6 h under constant agitation. After treatment, the slurry
was filtered and thoroughly washed with water and ethanol until
a neutral spent liquor was obtained. The sample was dried in a
vacuum oven at 60 °C overnight for further usage.

2.2. Synthesis of Electrocatalysts. The CeO,-doped SnO,
or In,O; catalysts were prepared using the coprecipitation
method with NH,OH as a precipitating agent. In a typical
procedure, known amounts of SnCl,.2H,O or InCl; and
Ce(NO;);.6H,0 were dissolved in deionized water, and
NH,OH was slowly added under continuous agitation until a
solution pH of 9—10 was attained. The precipitates thus formed
were filtered and washed with copious amounts of water until
the solution was neutralized. The materials were dried overnight
in an oven at 100 °C. The metal hydroxides thus formed were
grounded into powder and calcined at 700 °C to obtain the
composite catalysts. Using the procedure mentioned above,
Sn0,—CeO, or In,0;—CeO, catalysts with 20 wt % loading of
CeO, were obtained. The pristine SnO, and In,O; powders
were prepared similarly, without a cerium precursor.

2.3. Preparation of the Gas Diffusion Electrode. The
metal oxides (SnO, or In,0; and CeO,-doped SnO, or CeO,-
doped In,0;)-based catalyst layers of the GDEs were prepared
by mixing and sonicating them with functionalized Vulcan
XC72R (1:1 by weight), Nafion solution, and PTFE dispersion
in an ethanol—water mixture for 60 min. The temperature of the
ultrasonicator bath was maintained at 15 °C by using ice. The
suspension was coated using an airbrushing technique (ECL-
4501 Eclipse HP-CS air sprayer, by Anest Iwata) on Sigracet
39BB (12 X 13 cm?) carbon paper placed on a hot plate. The
coating was carried out layer by layer continuously or at an
interval of 10 min between each layer, at different temperatures
(40, 50, and 60 °C). The procedure above yielded electrodes
with metal oxide loadings of 4 mg cm™, containing 10 wt % of
Nafion and 25 wt % of PTFE based on the total carbon and metal
oxide content. The catalyst (4 mg cm™*) and PTFE (25%)
loadings were chosen based on findings recently obtained during
oxygen reduction to peroxide under alkaline conditions.'”

2.4. Electrode Characterization. The morphology of the
electrode and elemental composition were acquired using
scanning electron microscopy (SEM) and energy-dispersive X-
ray (EDX) spectroscopy measurements with an FEI (now
Thermo Scientific, Hillsboro, Oregon, USA) Helios NanoLab
650 FIB/SEM system equipped with an EDAX Octane Super 60
mm? EDX detector. The samples were mostly analyzed with a
layer of conductive 5—10 nm iridium coating due to their
nonconductive regions. The imaging beam used was mostly 10
keV at 50 pA for imaging and 1.6 nA for EDX analysis (where
high keVs were also used to confirm certain elements with high
energy X-rays and increase the sampling depth). Iridium coating
was done with a Leica EM ACE600 coater from Leica
Microsystems GmbH (Wetzlar, Germany). The FEI Tecnai
Osiris S/TEM (scanning/transmission electron microscope)
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system, operated at 200 keV and equipped with Bruker SuperX
EDX detectors, was used to capture the bright field (BFTEM)
and high-angle annular dark-field images and elemental
mapping. The contact angle and X-ray photoelectron spectros-
copy (XPS) measurements were carried out using the procedure
outlined in our previous work."” X-ray diffraction (XRD)
patterns were collected on a Rigaku MiniFlex 600 6G
diffractometer using Cu Ko radiation with a wavelength of
0.15418 nm. A 2D HyPix —400 MF detector was used to
function in the 1D mode. Fourier transform infrared (FTIR)
spectra were acquired on a Bruker Tensor II spectrometer using
Platinum attenuated total reflectance (Pt-ATR) with a diamond
crystal.

2.5. Reactor Assembly and Operation. The custom-
designed GDE reactor developed by the authors for the two-
electron oxygen reduction reaction (2e”ORR) to alkaline
peroxide'® was used for the carbon dioxide reduction reaction
(CO,RR) to formate. Our earlier work provides details of the
reactor schematic, photographs of the components, the cell
assembly procedure, the schematic of the electrochemical
testing station, and the membrane activation steps.'” Cathode
GDEs with geometric areas of either 6 cm” (height: 3 cm, length:
2 cm) or 20 cm” (height: 5 cm, length: 4 cm) was used. A
breathable PTFE membrane was installed between the gas
channel and the stainless-steel mesh/GDE interface during the
dry gas operation. In the case of wet gas, a humidifier was
installed between the gas line and the gas inlet to the reactor and
the electrode was prepared without a PTFE membrane. CO, gas
was supplied through a rotameter at the cathode inlet with a
constant volumetric flow rate of 280 mL min~" calibrated at
normal temperature (20 °C) and pressure (1 atm). The reactor
was operated in a gas-fed flow-by or flow-through (or quasi-flow-
through) mode, as described in our previous study.'” The
Supporting Information section provides the schematic of the
GDE reactor, the testing setup incorporating the gas
humidification, and the modes of electrolyzer operation (Figures
S1-S3), which were adopted from our previous work.'” Briefly,
gas enters and exits from the same gas channel in flow-by mode,
while in flow-through mode, gas flows through the GDE and
leaves along with the liquid from the electrolyte channel. In a
quasi-flow-through mode, the gas was simultaneously released
from the electrolyte and gas channels. Such conditions were
established by monitoring the gas pressure and voltage
fluctuations while ensuring some gas percolation at constant
gas and liquid flow rates. Typically, a gas gauge pressure of about
0.4 psi was needed to attain the quasi-flow-through mode. The
reactions were carried out in a single-pass mode by flowing 1.0
M KOH at a constant volumetric flow rate of 12 mL min™!
through the catholyte channel. On the anode, 6.0 M KOH at a
volumetric flow rate of 70 mL min™" was recirculated for the
oxygen evolution reaction (OER) on a Ni foam anode.

2.6. Analytical Procedure: Formate Testing. The
formate analysis was done using a newly developed formate
back-titration-oxalate method (FBT-O). Selected samples were
also tested using the formate back-titration-iodine method
(FBT-I) and ion chromatography. The details of the procedures
can be found in our previous work."”

The formate FE was calculated using eq 1.

nF ‘/Fcformate
I (1)

Where FE, I, n, F, Vi, and Cg represent formate FE ,
current (A), number of electrons (= 2 for CO,RR to formate),

FE =

https://doi.org/10.1021/acsomega.4c09202
ACS Omega 2025, 10, 1493—-1509
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Figure 1. (a—d) Bright-field transmission electron microscopy (BFTEM) images of commercial SnO, nanoparticles, (e) SnO, particle sizes measured
via TEM imaging vs supplier-provided nominal particle sizes, and (f) XRD pattern of different SnO, nanoparticles.
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Figure 2. XPS spectra of SnO,—1I GDE with a SnO, loading of 4.0 mg cm™ (a) Sn 3d, (b) O 1s, (c) C 1s, and (d) F 1s.

catholyte volumetric flow rate (m® s™') , Faraday constant (=
96,485 C mol™"), and formate molarity (mol m™).

3. RESULTS AND DISCUSSION

3.1. Electrode Fabrication. 3.1.1. Catalyst Character-
ization. Figure la—d shows the BFTEM images of the four
commercial SnO, samples tested with supplier-provided
nominal particle sizes of 18 nm (SnO,—I), <100 nm (SnO,—
IT), 430 nm (SnO,—III), and 800 nm (SnO,—1V), respectively.
The TEM images revealed sizes of about 18 nm for SnO,—I and
between 50 and 100 nm for SnO,—II samples that agree with the
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supplier’s specifications. However, discrepancies exist for the
other two samples, and particle sizes of 110—140 and 150—250
nm were obtained for SnO,—III and SnO,—IV, respectively
(Figure le). Regarding the shape, except for SnO,—I containing
pseudo cubic particles, no regular pattern was observed in the
other three samples, and the shapes differ from spherical,
rectangular, and cubical to oval. Despite variation in the
morphology, the XRD pattern of SnO, samples (Figure 1f)
shows a standard tetragonal rutile (cassiterite) type structure
with (110) dominating phases, in agreement with the JCPDS
pattern no. 41—144S. The sharpness of the peaks increases in the

https://doi.org/10.1021/acsomega.4c09202
ACS Omega 2025, 10, 1493—-1509
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Figure 3. Effect of initial particle size of SnO, on CO,RR to formate in a GDE operated in flow-by mode. (a) Formate FE versus current density and
(b) plot of cathodic potential and cell voltage versus current density. Reaction time: 30 min; electrode area: 6.0 cm?; catalyst loading: 4 mg cm™2; GDE

operation mode: flow-by; CO, flow rate: 280 mL min™"

; catholyte flow rate: 12 mL min™".

1

order SnO, (IV > III > II > I), indicative of the increase in the
crystallite size and crystallinity of the samples.

3.1.2. Optimizing the Catalyst Layer Coating Procedure.
Figure S4 presents the SEM images of the SnO,—II-based
electrocatalyst layer deposited on Sigracet 39 BB GDE using the
airbrushing (or spray coating) technique under different
conditions. While the agglomeration of the particles was noticed
at 60 °C (Figure S4a), the homogeneity of the film increases
with decreasing temperature. The solvent’s rapid evaporation at
high temperatures (50 and 60 °C) results in the formation of
cracks, resulting in the particles beneath each layer being lumped
out from these cracks during spraying. The particle stockpiling
was significantly reduced at 40 °C; however, the elongated
cracks were still visible in the catalyst layer (Figure S4c). In the
GDE-based two-phase microfluidic flow electrochemical pro-
cesses, such as oxygen and carbon dioxide reduction reactions,
these surface cracks could alter the liquid breakthrough pressure
window, the pressure at which liquid starts to saturate the GDE
pores, and ultimately decrease the performance at high current
densities."”*>** To minimize the fracturing of the surface, the
coating was further optimized by allowing the solvent to escape
the surface at 40 °C by keeping a 10 min interval between each
coating layer. As a result, a uniform and relatively smooth
catalyst layer was obtained, as shown in Figure S4d.

3.1.3. Effect of Carbon Support Functionalization on
Catalyst Dispersion. Although the catalyst layer uniformity at
the micrometer level is crucial, the dispersion of the electroactive
components (SnO, in this case) on the carbon matrix of the
deposited materials is equally important. Figure SS shows the
effect of carbon functionalization on the dispersion of SnO,—II
nanoparticles on the support. The acid functionalization creates
oxygen-containing functional groups on the carbon surface.
Compared with the pristine carbon, this oxygen functionality
helps anchor and distribute the SnO, on the support more
uniformly and, due to the steric hindrance effect, minimizes the
clustering of nanoparticles.

3.1.4. Surface Analysis of SnO,—Il GDE. X-ray photon
electron spectroscopy (XPS) analysis was carried out to study
the surface of the SnO,—II GDE prepared via airbrushing. The
wide elemental survey scan reveals the presence of tin (Sn),
carbon (C), fluorine (F), and oxygen (O), as shown in Figure
S6. The F was detected due to the addition of PTFE in the
catalyst ink to create hydrophobicity on the surface. The high-
resolution spectra of these elements are shown in Figure 2. The
peak attributes and corresponding elemental composition are
presented in Tables S3 and S4. The Sn 3d scan shows two
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prominent peaks at binding energies (BE) of 487.2 and 495.6
eV, ascribed to Sn 3dg/, and Sn 3d;),, respectively (Figure 2a).
While the energy split of 8.4 eV between two peaks does not
distinguish between the metallic Sn and oxidized Sn, the valence
state of + IV was assigned due to the high BEs observed in the
spectrum. In the classical literature, the peak assignment for Sn
3d;,, related to pure SnO, is reported in the 486.3 to 487 eV
range.”” ™" A slight shift toward high BE noticed in the current
spectrum might be associated with the interaction of SnO,
sitting on the functionalized carbon moieties, also observed
recently by other authors.” It should also be noted that pure and
as-received SnO, powder was used during electrode preparation,
so Sn in the + IV oxidation state was expected. The
deconvoluted O 1s scan shows four distinct features (Figure
2b). The peak at 531 eV was assigned to the oxygen in the Sn
oxide, and the peaks at 532 and 533.4 eV were related to the C—=
O/0—-C=0/surface hydroxides and adsorbed water. The high
BE peak at 535.3 eV might be related to the O—C—F moiety. In
the C 1s spectrum, multiple carbon-bonded features appeared
after peak fitting (Figure 2c). The Gaussian/Lorentzian product
formula, GL (30), was used to peak fit the spectra with a Shirley
background and the full-width half-maximum (fwhm) of 1.5.
However, the Lorentzian line shape, LA (1.2, 2.5, 5), with fwhm
of 0.7 was employed for the C=C attribute. The photo-
emission-induced plasmonic (pi - pi) transitions appeared at
290.7 eV. The characteristic peaks at the BE of 284.3, 284.8,
286.2,287.8, and 288.8 eV were tentatively attributed to C=C,
C-C/CH, C—OH/C-0-C, C=0, and O—C=0. The high
BE peak at 291.8 eV was linked to the carbon-bonded fluorine
(—CF,—) group. The deconvoluted F 1s spectrum resulted in
the appearance of peaks at 688.9 and 691.9 eV. The former
feature was assigned to —CF,—. The high BE peak at 691.3 eV
was unclear and might be related to some other —CF,— or R—
CF,— entities. This peak was absent in the XPS data of the
reference PTFE powder,'” as presented in Figures S7 and S8.
3.2. Sn0O, Catalyst Screening and Reactor Operation
Effects on a 6 cm? GDE. 3.2.1. Effect of Initial Particle Size of
Sn0, and Current Density. Figure 3 presents the effect of the
SnO, initial particle size on the FE, cell voltage, and cathodic
potential during the CO,RR to formate as a function of current
density. The data are reported for 30 min in a gas-fed flow-by
mode on a 6 cm” size electrode. The electrolyte was circulated at
a flow rate of 12 mL min~" in a single pass mode, and the CO,
gas flow rate was kept at 280 mL min~". Overall, the activity of all
of the SnO, catalysts increases with an increase in current
density. For instance, at 100 mA cm™2, the formate FE of 75%
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Figure 4. Effect of flow dynamics and gas humidification on CO,RR to formate on SnO,-II GDE. (a) Plot of formate FE versus time under dry gas
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XPS spectra of C 1s and Sn 3d scan of the used electrode under dry gas operation, and (f) SEM image of the used electrode under wet gas operation.
Inset (b,c,f) shows the contact angle measured through the sessile drop method. Electrode area: 6.0 cm?; catalyst loading: 4 mg cm™%; CO, flow rate:

280 mL min™'; catholyte flow rate: 12 mL min™".

was obtained with SnO,—1 GDE, which increased to 83.2% at
500 mA cm ™ with corresponding cell voltages (and cathodic
potentials) of 2.61 V (—=0.3 V vs RHE) and 5.75 V (=12 V vs
RHE), respectively. The anodic potential increases from 1.53 to
2.1 V vs RHE and the specific energy consumption from 4.1 to
8.2 kWh kg_1 of formate with 100 and 500 mA cm™2
respectively (Figure S9). Since the formate FE increased with
the current density, the reaction was not limited by the mass
transfer of CO, in the range of investigated current densities
(Figure 3). Moreover, Sn is intrinsically active for CO, reduction
and has high hydrogen overpotential.”® Therefore, the rise in the
formate FE with current density could be linked to the cathodic
potential and the reaction pathways."”***> On a metallic Sn
electrode, Feaster et al. reported the electrode potential
dependency of the formate and CO formation during CO,
electroreduction in 0.1 M KHCO; electrolyte, where an increase
in formate FE was observed at higher cathodic potentials. A
similar trend is noticed in Figure 3a. An *OCHO intermediate,
as opposed to *COOH, exhibiting suitable binding strength for
the synthesis of formate was postulated via DFT calculations.>
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The size of the SnO, nanoparticles had a small but statistically
significant effect on the formate FE (Figure 3a). The drop in FE
is in the order SnO,—IV > SnO,—III > SnO,—II > SnO,—I and
ranges from 83.2 to 80%, 79—75.2%, and 75—72.6% at 500, 300,
and 100 mA cm™ respectively. The rise in the cathodic potential
and cell voltage also accompanied the decline in the FE. The
largest particle size SnO,—IV investigated displayed the
maximum cell voltage and cathodic potential of 6.1 and —1.35
V vs RHE, respectively (Figure 3b). These results suggest that
the better performance of the small SnO,—I particles could be
partially attributed to the higher specific surface area. The BET
surface areas were 25 m* g™' for SnO,—I and 6.7 m* g™' for
SnO,—1V, respectively.

3.2.2. Flow-By vs Flow-Through Operation. After achieving
high initial activity up to S00 mA cm™ for the SnO,
electrocatalyst, it was imperative to investigate the electrode’s
long-term stability. Given the marginal effect of differently sized
SnO, on the FE at high current density (500 mA cm™2) observed
in Figure 3, a stability test was initially conducted only on one
type of SnO,. Figure 4a presents a 5 h long operation on the
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Sn0,—II-GDE at 500 mA cm™ The reaction was started with a
flow-by operation, and the peak formate FE of 81.9% was
obtained after 30 min. However, a gradual decline in the
performance was noticed, with about a 40% drop in FE after 1 h
of reaction (Figure 4a). This was an interesting observation, and
the present authors have recently observed, during a gas-fed-
flow-by operation, a similar decay during the alkaline peroxide
electrosynthesis by the two-electron oxygen reduction reaction
(2e”ORR) in a two-phase GDE-based electrolyzer used in this
work."” In line with that, a drop in activity, as noticed in Figure
4a, was attributed to the combined effect of the electrowetting
phenomenon and liquid breakthrough, leading to GDE flooding.
To overcome the GDE malfunctioning, the authors previously
adopted the flow-through approach in stabilizing the 2e"ORR to
peroxide GDE operation for over 20 h at 500 mA cm™ with a
peak FE of 97%."” By transferring knowledge from that work, the
electrolyzer mode of operation during the CO,RR after 60 min
was switched from flow-by to flow-through. As a result, the
system regained activity and reached ~80% formate FE after 120
min. However, unlike the 2e"ORR system, the peak perform-
ance was not sustained and the FE decreased, reaching 35% after
5 h (Figure 4a, flow-through mode).

3.2.3. Salting Effect and Carbonate Formation. At this
stage, the electrode used was characterized using SEM, contact
angle measurement, and XPS. The SEM image of the fresh
SnO,—II GDE is shown in Figure 4b. Sizable deposits of salt
precipitates were observed over the entire spent electrode
surface (Figure 4c) under dry gas operation and identified as
potassium-containing species via EDX analysis (Figure S10).
The XPS analysis further confirmed the buildup of potassium
carbonate on the surface. During the CO,RR, carbon dioxide gas
is consumed via catalytic and noncatalytic pathways. While the
catalytic route generates products like formate, the homoge-

1499

neous acid—base reaction produces carbonate .*' During CO,
electrolysis in an alkaline electrolyte at high current densities, the
local pH is higher on the surface since for each mole of CO,
consumed, an equal mole of OH™ is formed. This OH™ can react
noncatalytically with another CO, molecule to produce more
carbonate, and the cycle continues. Compared with the fresh
sample (Figure S6), significant potassium signals corresponding
to K 2p and K 2s were observed in the wide survey spectrum
(Figure S11). This was further elaborated in the high-resolution
C 1s spectrum through strong K 2p;,, and K 2p, /, signals at
293.1 and 295.8 eV, respectively (Figure 4d). The surface-
deposited carbonates were also visible at the BE of 290.2 eV,
following the deconvolution of the C 1s spectrum. In the high-
resolution O 1s spectrum (Figure $12), a rise in the signals and
broadening of the C—O bonded features were also noticed due
to carbonate formation. The oxidation state of Sn was preserved
at + 1V, i.e,, as SnO,, since no BE shift in the high-resolution Sn
3d scan was noticed (Figure 4¢). The metallic Sn usually displays
a shift of up to 1.75 eV toward low BE.” The surface deposited
carbonate also created hydrophilicity on the GDE surface, as
evident via the reduction in the contact angle from 140° in the
fresh sample to 63° in the used one (Figure 4b,c, insets). The
buildup of these hydrophilic deposits on the GDE causes
performance decay since the active sites are no longer accessible
for CO, adsorption and subsequent electrocatalytic reduction.
Besides the catalyst surface, during operation at 500 mA cm ™2,
carbonate coverage was also noticed on the back side of the GDE
and stainless-steel mesh. This potentially blocked the porous
structure of the GDL and MPL layer and led to mass transport
resistance of CO, species."

3.2.4. Dry Gas vs Humidified Gas. To address this carbonate
issue, a simple yet effective approach of humidified CO, was
used. Figure 4a presents the improved FE vs time profile for the
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CO,RR to formate on SnO,—II GDE under quasi-flow-through
operation at 500 mA c¢cm™2 Compared with complete flow-
through, quasi-flow-through mode helped minimize the voltage
fluctuations, as noticed previously.'” During quasi-flow-through
operation, a gas pressure of about 0.4 psi was maintained. While
the carbonate formation on the catalyst layer during the
operation could not be eliminated, a significant reduction in the
carbonate film deposition was noticed by supplying moist CO,
compared with that in the dry gas operation. The small chunks of
dispersed carbonates were still on the catalyst surface but were
not halting the system’s performance, and the surface hydro-
phobicity was also improved (contact angle 107°) compared to
the carbonated surface (Figure 4f). It is proposed that the quasi-
flow-through operation alongside humidified CO, helped
dissolve and sweep away the salt crystals from the porous
electrode.

3.3. GDE Scale-Up to 20 cm?. 3.3.1. Electrode Durability
as a Function of SnO; Initial Particle Size. After minimizing the
carbonate-induced malfunctioning of the GDE, the electrode
was scaled up from 6 to 20 cm” and the durability tests were
carried out using SnO, nanoparticles at S00 mA cm ™2 in a quasi-
flow-through mode. As shown in Figure Sa, irrespective of the
particle sizes, SnO, GDEs produce high formate FE (~80%) on
a 20 cm” electrode during the initial reaction period. However,
the electrode’s longevity varies significantly with the particle
sizes. The SnO,—I, with the smallest particle size (18 nm),
despite giving high FE at the beginning, tends to degrade earlier,
reaching less than 50% after 2 h, among the tested electro-
catalysts. On the other hand, SnO,—IV with a larger particle size
(150—250 nm) retained the initial activity for up to 4 hours of
reaction before dropping to 49% after 400 min. The stability of
these catalysts decreased in the order of SnO, (IV > III > I > I).
At peak formate FEs, the average cell voltage and cathodic
potential range from 6.0 to 6.5 V and —1.3 to —1.6 V vs RHE,
respectively (Figure Sb). Toward the end of the operation, when
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the FEs dropped, both the cell voltage and cathodic potential
increased to 7.1—=7.5 V and (—1.7)—(—1.9) V vs RHE, due to
HER, respectively, as shown in Figure Sb.

It was surprising to see the decline in the electrode activity,
given that the GDE flooding and salt precipitation have been
alleviated using humidified gas-fed, quasi-flow-through oper-
ation. Figures Sc and S13 presents the XRD pattern of the fresh
and spent SnO,—II (and SnO,—I) GDE electrode. In line with
the reference samplesw (Figure S14), the peaks at 26 of 18, 25,
and 26.3° were attributed to PTFE, amorphous carbon, and
graphite. The overlapping of SnO, (110) signals at ~26.4° with
the graphitic carbon signals was noticed in the SnO,-GDE
(Figure Sc). Compared with the fresh electrode, reduction and
transformation of SnO, into Sn metal was observed in the used
electrode, with strong signals appearing at 26 of 30.7, 32.1, 44.0,
and 45.0°, corresponding to metallic Sn phases of (200), (101),
(220), and (211), respectively. Despite the reduction of SnO, to
Sn toward the end of the reaction, Sn with an oxidation state of +
IV (i.e,, SnO,) was revealed in the high-resolution XPS spectra
of Sn 3d, as shown in Figure 5d. Since XPS is a surface-sensitive
technique and Sn is more prone to oxidation, the native layer of
oxide was likely formed during sample transfer and ex-situ XPS
analysis, which does not truly represent the true character of the
bulk SnO, GDE. During the CO,RR to formate study on a Sn
surface, Khiarak et al. also observed the completely oxidized Sn
surface by XPS in contrast to the metallic Sn pattern shown by
the XRD data.*®

The reduction of SnO, to metallic Sn seems to lower the FE of
the formate. This is intriguing since Sn has been a known
electrocatalyst for the conversion of CO,RR to formate for many
decades. On a Sn nanopowder (<150 nm) GDE with a metal
loading of S mg cm™2, Kopljar et al. reported about 80—90%
formate FE during 5 h of stable CO,RR operation at 200 mA
cm™2°” Masel and co-workers reported 142 h of stable operation
at 140 mA cm™> with more than 90% formate FE on Sn
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configuration.

nanoparticles (60—80 nm) GDE in a three-compartment
electrolyzer.”® While the high durability of the Sn catalysts was
demonstrated, electrode surfaces were not characterized, and
neither was an explanation provided. On the other hand, on
SnO, nanoparticles supported on a reduced graphene oxide
catalyst, Dutta et al. observed a high initial efliciency of formate.
Still, as soon as SnO, was reduced to Sn metal during the
reaction, H, was the predominat product.’” Wu et al. considered
the pulverization of the Sn nanoparticle during 60 h of CO,RR
operation at 17 mA cm™> as a prime cause of degradation,
resulting in the reduction of initial formate FE from 90 to 50%,
which was linked to the hydrogen diffusion-induced stress
creating high ohmic losses.*® Chen and Kannan,”” on an etched
Sn electrode surface with negligible native oxide layer,
demonstrated predominantly HER during CO,RR in 0.5 M
NaHCOj; electrolyte, though at very low current densities (3—4
mA cm™?) in an H-cell configuration. Overall, the role of Sn as an
active electrocatalyst in the CO,RR is still ambiguous and
warrants further investigation.

3.3.2. Activity of Sn Metal Particles. To confirm if the Sn
metal is the prime cause of performance decay at high current
density, a GDE with Sn micro powder (Sn ball, Figure S16) was
prepared and tested for 2 h at 500 mA cm™ under similar
experimental conditions. As shown in Figure 6a, Sn-GDE
displayed a good performance with up to 75% FE at the
beginning of the reaction, but a gradual decline was observed,
and after 2 h, FE dropped to less than 10%. The high initial
activity could also be partially related to a native SnO, layer on
the surface. The pre- and post-operation XRD patterns displayed
metallic Sn features; however, the intensity of the Sn diffraction
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was incredibly reduced in the used electrode (Figure 6b). This
suggests the loss of metallic Sn catalyst from the electrode
surface over time causes a decline in activity. While the micron-
sized Sn ball was observed on the fresh electrode (Figure 6c), the
surface was significantly eroded after 2 h of reaction, as shown in
Figure 6d. The particles detached during operation due to the
flowing catholyte, resulting in the formation of pits. Since the
reaction was carried out in a single pass mode, the readsorption
and crystallization of these particles into larger sizes were less
likely, as some studies reported the formation of larger particles
in a recirculation or batch mode of operation.60 In this work, for
the first time, it was noticed that the extent of SnO, reduction,
linked to the operation durability, was attenuated with increased
catalyst particle size for the tested ranges between 18 and 250
nm.
3.3.3. Strategies to Stabilize SnO,-Based GDE. While
optimizing the flow operation and gas humidification helped
to obtain SnO,-GDE performance of up to 80% FE at 500 mA
cm™ on a 20 cm” quasi-flow-through electrolyzer, the mediocre
durability due to the in situ reduction of SnO, to metallic Sn
remains challenging. This could be resolved by bringing novelty
to cell operation or developing new SnO,-based catalytic
materials for enhanced stability. With regards to the operation,
coelectrolysis of CO, in the presence of a trace amount of O, has
been reported to stabilize the oxidized form of Cu needed for
stable operation.”" However, we opted not to investigate this
route since the O, electroreduction under alkaline conditions
efficiently generates peroxide on carbon, a significant
component of the SnO,-GDE used in this work. While this
peroxide could decompose and provide the oxygen needed for
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Figure 8. Effect of step-pulse electrolysis (reverse polarity with O,) on the stability of 20 cm* SnO,—CeO, GDE during CO,RR to formate at 500 mA
cm™ in a quasi-flow-through configuration Protocol: 4.5 min step-pulse composed of 2.0 min rest (switch to O,) + 0.5 min reverse polarity with O,

(2.0 Vand 5—10 mA cm™) + 2.0 min rest (switch to CO,).

catalyst stability, the current efficiency would be compromised
since a significant fraction of the current will go toward the
2e”ORR to peroxide.'” From the materials perspective, Kim et
al. developed aleaching-resistant SnO, /y-Al, O; catalyst capable
of stable operation for up to 152 h.”® However, during CO,
electrolysis, an increase in OH™ concentration at the electrode
surface is a common observation,*' and Al,O; rapidly dissolves
under alkaline pH.*>**

3.3.4. Catalytic Promoter and Stabilizing Effect of CeO, for
the SnO,—GDE. Among the metal oxides, cerium dioxide
(CeO,) has strong redox properties of oxygen storage and
release and is a well-known catalyst for thermal and photo-
chemical water splitting and CO, reduction reactions.”* ™%’
Recently, CeO, has been introduced to modify the electronic
properties of Cu, Sn, and Bi-based electrocatalysts for CO,RR to
formate and multicarbon products.””*"**~"" Herein, we
prepared a SnO,—CeO, composite catalyst and tested it for
the conversion of the CO,RR to formate. A pristine SnO,
control sample prepared under similar conditions was also
investigated. The SnO, surface was nicely decorated with CeO,
nanoparticles (10—20 nm), as revealed by the HAADF-STEM
imaging and EDX mapping in Figure 7a—e. The elements
detected from the EDX spectrum include Sn, Ce, C, and Cu with
no noticeable impurities (Figure 7f). The composition of CeO,
was found to be 14.1 wt % versus the nominal loading of 20%
(inset table). The Cu and C signals appear from the TEM grid.

Compared with synthesized SnO, (particle size ~60—80 nm,
Figure S17), CeO,-promoted SnO, provided four times longer
operation at 500 mA cm ™ for up to 8 h, as shown in Figure 7g.
During the reaction, it is believed that CeO,, due to its strong
oxidizing capability, transfers oxygen to the Sn species to regain
its oxidation state. The reduced CeO, dissociates water and
could replenish the oxygen vacancy created in the CeO,
particles. A similar redox behavior of the CeO, leading to the
formation of Cu,O film on the Cu foil was also reported by Zhao
et al. during enhanced CO,RR to C, product production.69 The
improvement in the FE from 80% in the pristine SnO, to 84.5%
in the CeO,-promoted catalyst was also accompanied by the
improvement in average cell voltage and cathodic potential from
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6.1 to 5.7 and —1.4 to —1.1 V vs RHE, respectively. The
fundamentals of water dissociation on reduced CeO, and its
implications during the redox noncatalytic cycle in thermal
water splitting are well-established.”*”" Moreover, CeO, has
been investigated for electrocatalytic and photocatalytic hydro-
gen evolution, water oxidation, and N, or CO, reduction
reactions.®®’>”® On CeO,-doped Cu, Bi, or Sn electro-
catalysts,””*"**”* improved performances have been shown
during low-temperature CO, electrolysis to formate or multi-
carbon products. It has been postulated experimentally and via
DFT computational techniques that CeO, promotes water
activation that helps in the subsequent protonation of CO,,
thereby reducing the energy barrier for the desired *OCHO or
*CHO intermediates formation critical to formate or C,
products synthesis. Furthermore, due to the poor activity of
CeO, for hydrogen evolution, this parasitic reaction arising from
H—H coupling is also suppressed during CO, electroreduction.
While some theories exist on the positive role of CeO, during
the CO,RR, further investigation taking into account the particle
size, oxygen vacancies in CeO, and SnO, (and related
materials), degree of crystallinity, and understanding of the
charge transfer effect using valence band studies should be done.
We propose studying the temperature-programmed oxidation
and reduction kinetics on the pristine SnO, and CeO,
incorporated SnO, to understand the redox behavior at varying
particle sizes of SnO, and CeO,.

To the best of our knowledge, there are only two reports on
SnO,—CeO, for the CO,RR to formate. The work of Ning et al.
was carried out at less than 10 mA cm™ in an H-cell under a
CO,-saturated electrolyte.”” On the other hand, Liu and co-
workers™ reported CO,RR to formate FE of up to 87% at 500
mA cm 2 in a flow cell. However, the reaction time was only 200
s, and there was no indication of the electrode size. The
electrode stability of up to 53 h was only demonstrated at 200
mA cm™ Thus, our work showing excellent stability for up to 8
h on a 20 cm® GDE operating at S00 mA cm ™2 paves the way for
further studies aimed at scaling up this system. As shown in
Figure 7g, beyond 8 h of operation, a slight decline in the
formate FE was noticed, which could be attributed to the
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Figure 9. (a) XRD pattern of fresh and spent SnO,—CeQ, GDE after 10 h of reaction at 500 mA cm ™2, (b) FTIR spectrum of spent electrode, and (c—
f) high-resolution Ce 3d and Sn 3d XPS spectra of fresh and used electrode.

reduction of some segregated SnO, particles on the electrode
surface. However, to further increase the catalyst’s longevity, a
new concept was introduced comprised of stepwise CO,RR
electrolysis coupled with reverse polarity pulses under an O,
atmosphere.

3.3.5. Effect of Reverse Polarity on CO,RR GDE Operational
Stability with the CeO,—Sn0O, Catalyst Layer. Figure 8
presents the formate FE data as a function of reaction time at
500 mA cm™* using the above-described stepwise electrolysis
with the reverse polarity concept. After every hour of CO,RR,
the reaction was stopped, and the gas was switched from CO, to
O, with a rest time of about 2 min. A reverse polarity, at a
constant cell voltage of 2.0 V (S—10 mA cm™?), was then applied
for 0.5 min under O, flow, and the reaction was halted for an
additional 2 min. Afterward, the CO, was switched back for
another hour of CO, electrolysis. As the cycle continued, more
than 10 h of stable operation was recorded with no signs of
degradation. The O, was supplied during the reverse polarity
step to reoxidize the Sn species at the minimum OER activity.
While no degradation of GDE was observed during 10 h of
operation, it is expected that during extended cycles, the carbon
in the GDE will oxidize and may deteriorate the performance. In
our future work, we hope to replace the carbon-based GDL with
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a porous metallic substrate and systematically investigate the
effect of reverse polarity duration, number of cycles, oxidation
potential, and current and the role of externally supplied O,.
Figure 9a presents the XRD pattern of the as-prepared and
used (10 h total time) SnO,—CeO,—GDE . The characteristic
peaks of CeO, at 28.56, 33.14, 47.5, 56.35, 56.38, and 59.16°
observed in the fresh and used electrodes were indexed to the
face-centered cubic dominating phase (fcc), corresponding to
(111), (200), (220), (311), and (222) respectively, referenced
to JCPDS card no. 34—0394. While the SnO, was prominent in
the fresh sample, some metallic features of Sn also emerged in
the electrode used electrode. The SnO, and Sn assignments
were already discussed in previous sections. Clearly, the
presence of CeO, in the SnO, catalyst alongside the step-
pulse-electrolysis has helped prevent the complete reduction of
the SnO, to Sn metal. However, a partial reduction does take
place. The improved CO,RR to formate performance could also
advocate for the positive role of the mixed valence state of Sn,
which aligns with previous reports.”"">**” The FTIR spectrum of
Sn0,—CeO, after the reaction is shown in Figure 9b. The bands
at 1150 and 1206 cm™" were ascribed to the symmetric and
asymmetric stretching of the —CF,— group. Carbonate-like
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Figure 10. (a) BFTEM and (b—f) HAADF-STEM images and elemental mapping of the In,0;—CeO, catalyst.

features were witnessed between 1300 and 1500 cm™". The band
at ~600 cm ™" denotes the metal oxide bonding features.

Figures S18 and S19 present the wide survey scan of fresh and
used SnO,—CeO, GDE. No apparent difference in the high-
resolution Ce 3d deconvoluted spectra for both samples was
observed, which consist of 10 distinct peaks (Figure 9¢c,e). The
spectra were fit according to the information provided in earlier
work.”* The peak assignments and elemental composition are
illustrated in Tables S5—S8. The CeO, mainly existed in the + IV
oxidation state (Figure 9ce). However, there was a small
contribution from Ce(+1I1I) in both samples, most likely arising
from the deeper layer below the surface. For Ce(+IV), the
attributes at 882.9, 888.6, and 898.6 eV, labeled as v, v, and v”,
were assigned to Ce 3ds,,. The peaks that appeared at the BE of
901.6 (u), 907.7 (u”), and 917 (u”) eV were allocated to Ce
3d;/,. For Ce 3d spectra, v’ /u” and v" /u” represent the satellite
peaks. The Ce(+I1II) features were peak fitted at 880.6 (v°)/
885.8 (v') eV for 3ds/,, and 899.6 (u°)/904.3 (u’) eV for 3d;),,
respectively. An overlap of Sn 3s in the Ce 3d;, region was also
noticed.

Figure 9d,f shows the XPS Sn 3d spectra of the fresh and spent
SnO,—CeO, electrodes. As expected, the oxidation state of + IV
was observed in both samples. However, in the post-reaction
electrode, an unusual broadening of the spectrum was noticed
toward high BE (Figure 9f). After deconvolution, two new peaks
were identified at the BE of 488 and 496.4 eV, respectively. The
origin of these peaks was unclear since no such attributes were
observed in pure SnO,-GDE (Figure Sd). Furthermore, the
standard Sn 3d spectrum corresponding to Sn(+IV) was
observed in the fresh SnO,—CeO, GDE (Figure 9d). Sn
hydroxide species may have developed on the surface since the
BE of metal hydroxides appears at a slightly higher BE compared
with metal oxide.*” Although the O 1s scan presented in Figure
S21 shows surface hydroxide buildup in the used electrode with
overall broadening of the spectrum, such features were also
present in the pristine SnO,—GDE after the reaction (Figure
S15). Therefore, it was hypothesized that during the reaction the
electronic properties of the SnO,—CeO, composite have been
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modified, resulting in the asymmetric behavior of the Sn 3d
spectrum. Such broadening of the metal oxide curve and the
asymmetric features has been observed in the Sn 3d and In 3d
spectra on the indium tin oxide surface.””~”” Besides hydroxide
presence, some plausible explanations include the creation of
vacancies or defects in the oxide lattice,”® a screening
mechanism, and the strong plasmon loss satellite.”” While the
possibility of defects is not excluded in our work, attribution to
the core line satellite is more probable. During the screening
effect, the empty localized states can lead to the unscreened final
state (i.e., broad peaks at 488 and 496.4 eV), and the filled
localized state by the transfer of an electron from the conduction
band provides a screened final state (i.e., peaks at 487.3 and
495.7 eV), respectively. In any case, further investigation using
DEFT or synchrotron-based spectroscopic studies is warranted to
gain insight into the SnO,—CeO, surface.

Some favorable aspects of electrode potential pulsation during
CO, electrolysis were already reported in the early 90s when
Siratsushi and co-workers considered the formation of a copper
oxide layer on the metallic Cu surface, altering the product
selectivity. However, those studies were conducted on a small-
scale H-cell, typically at very low current density (<10 mA
em™).7”%% As the concept evolved, several reports were
published on the improved anodic pulse potential-induced
performances of Cu, Ag, and Sn-based surfaces with a durability
of up to 236 h, though on electrode sizes of <5 cm” and a current
density of <138 mA cm 25681786

Our work stands out as the first to demonstrate the
regeneration of SnO, during CO,RR at 500 mA cm™> using
pulse electrolysis . This is a significant advancement from the
previous work by Khiarak et al.,>® which reported CO,RR to
formate operational stability up to 100 mA cm™ without
indicating the electrode size. Our study showed the effectiveness
of step-pulse electrolysis coupled with reverse polarity on a
Sn0,—CeO,-based GDE flow cell system (20 cm?). This system
exhibited a stability of 10 h in an alkaline electrolyte without
decay. The pulsation not only prevented the reduction of active
SnO, sites but also helped to mitigate the carbonate deposits on
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Figure 11. Effect of step-pulse electrolysis (reverse polarity with O,) on the stability of In,0;—CeO, 20 cm® GDE during CO,RR to formate at 500 mA
cm™? in a quasi-flow-through configuration. Protocol: 4.5 min step-pulse => 2.0 min rest (switch to O,) + 0.5 min reverse polarity with O, (2.0 V and
5—10 mA cm™2) + 2.0 min rest (switch to CO,). Inset shows the stability test comparison of In,O5 and In,O;—CeO,.

the surface further, as observed in the XPS data (Figure S21),
which is in line with previous observations.*®

3.3.6. Application of the CeO, Promoter Effect and the
Reverse Polarity Operation to the In,0;—GDE. After
successfully demonstrating improved CO,RR to formate on
the SnO,—CeO, system, we implemented a similar strategy to
develop the In,0;—CeO, electrode. Compared with SnO,,
formate selectivity during CO,RR on In,0Oj is typically higher
(>85%), depending on the morphological and electronic
properties.25’26 However, In is over 10 times more expensive
than Sn metal .*/ Therefore, from a techno-economic
perspective, an In-based electrode may not be suitable for the
commercial CO,RR process. Nevertheless, for a fundamental
understanding, we aimed to investigate the role of CeO, in
stabilizing In-based electrodes in addition to Sn. Figure 10a
presents the BFTEM image of the In,O;—CeO, binary catalyst
containing a nominal loading of 20 wt % CeO,. The CeO,
particles with sizes between 10 and 20 nm were nicely anchored
on the In,O; particles (60—120 nm), further confirmed by the
HAADEF-STEM imaging and elemental mapping of In, Ce, and
O (Figure 10b—f). No significant impurities were detected in the
EDX spectrum presented in Figure S22, and the actual CeO,
composition of about 14.5 wt % was quantified.

Figure 11 shows the stable FE data as a function of time for the
In,0;—CeO, GDE tested for 12 h at 500 mA cm™? using the
step-pulse reverse polarity approach in a flow electrolyzer with
an electrode size of 20 cm”. Compared with pure In,0; GDE,
displaying about 87% formate FE (Figure 11 inset), about 7.5%
enhancement in the FE (i.e., ~93%) was noticed in the In,O;—
CeO, GDE. The XRD pattern of the fresh GDE shows strong
In,O; signals alongside CeO, as presented in Figure 12a. In the
electrochemically tested electrode, both In,O; and In metal
were detected, similar to what was observed for the SnO,—CeO,
GDE. The FTIR spectrum of the spent In,O;—CeO, electrode
differs from that of the SnO,—CeO, counterpart (Figure 12b).
The carbonate-like features in the former adopted a different
shape, probably due to the different modes of interaction of
these adsorbed species with the In/Ce surface compared with
Sn/Ce.
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Unlike SnO,—CeO,, the XPS analysis of In 3d in the fresh
sample (Figure 12c) was deconvoluted into four peaks for In
3ds,, (444.8 and 445.5 V) and In 3d,, (452.4 and 453.0 eV).
As discussed in the previous section, the high BE peaks could be
attributed to surface defects or hydroxides. However, the
asymmetric pattern of In 3d in the used electrode was quite
significant (Figure 12e). The ultrabroadening of the features at
high BE prevented us from assigning them only to oxide
vacancies or surface hydroxides. The interaction of CeO, with
In,O; during the reaction must have prevailed due to the
screening mechanism, resulting in different electronic properties
like the SnO,—CeO, system. In the Ce 3d spectra for the used
electrode, a slight reduction in the intensity of the Ce(+IV)
signals 3d;,, (v) at 882.9 eV, together with a slight chemical shift
of ~0.3 eV, was noticed toward low BE compared with the fresh
electrode. The other CeO, attributes remain similar to those of
the SnO,—CeO, electrode. The wide survey spectra, high-
resolution O 1s, C 1s, and F 1s scans, and the corresponding
peak assignments along with surface atomic percentages of the
individual elements on the fresh and spent In,0;—CeO, GDE
are presented in the Supporting Information section (Figure $23
to $26, and Tables S9 to S12).

4. CONCLUSIONS

Engineering the electrode design and optimizing the reactor
operation are prerequisites for a practical CO,RR process. This
work addresses the durability challenges of the CO,RR to
formate at high current density (up to S00 mA cm™2) in a GDE
and membrane-based flow electrolyzer by tuning the Sn and In-
based catalyst layer design in conjunction with different
operation characteristics. The following conclusions can be
drawn:

1 Within the tested superficial current density range (100—
500 mA cm2), the effect of the initial particle size of SnO,
on the CO,RR to formate FE is marginal, suggesting that
the ultrasmall SnO, particles (<10 nm) may not be
essential for an efficient operation. However, the particle
size profoundly affected the durability, with the small-
sized (18 nm) SnO, decaying faster at 500 mA cm™>.
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Figure 12. (a) XRD pattern of fresh and spent In,0;—CeO, GDE after 12 h of reaction at 500 mA cm ™2, (b) FTIR spectrum of the spent sample, and
(c—f) high-resolution In 3d and Ce 3d XPS spectra of fresh and used electrodes.

2 Compared with the flow-by mode, the quasi-flow-through
mode of gas operation alleviates the electrolyte flooding
into the GDE pores during CO,RR to formate, in line
with the findings from our previous work on 2e"ORR to
peroxide'” under similar fluid flow conditions at 500 mA
cm™2 In conjunction with a humid stream of CO, gas,
minimizing the carbonate salt deposition further
mitigated the GDE malfunctioning.

3 During the CO,RR stability test at 500 mA cm 2
reduction of SnO, particles and subsequent delamination
as metallic Sn prevailed, indicative of a deactivation
pathway.

4 Efficient and stable binary catalytic systems comprised of
Sn0,—CeO, and In,0;—CeO, catalyst layers were
developed . Compared with pure SnO, and In,O;, the
binary catalysts enhance the FE up to 93% at 500 mA
cm™? with an improvement in the durability of up to 4
times. Furthermore, by combining the binary catalyst
layers with step-pulse-electrolysis coupled with reverse
polarity, stable operation was achieved at 500 mA cm™>
for up to 12 h investigated reaction time without
malfunctioning. XPS data revealed a strong interaction
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between SnO, (or In,0;) and CeO, leading to modified
electronic properties with CeO, acting as a promoter of
the CO,RR catalytic activity.

5 The systematic investigation of different electrode

systems was accompanied by rigorous characterization
under pre- and post-reaction conditions. CeO, has great
potential in improving the activity and stabilizing the
Sn0, and In,0; surfaces during the CO,RR to formate
process. Further investigations regarding reactor scale-up
>20 cm? and potentially operating at even higher current
densities (>500 mA cm™2) are under consideration.
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