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A highly porous indium electrode was prepared with a facile electrodeposition method,
which delivers remarkable activity and selectivity towards electroreduction of CO, .
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The electrochemical reduction of CO, requires highly active, selective as well as stable electrocatalysts. Herein, we report a
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three-dimensional hierarchical porous indium catalyst for the electroreduction of CO, to formate. In aqueous bicarbonate
solution, the catalyst exhibits a high faradaic efficiency for formate (~ 90%) in the potential range of -1.0 to -1.2 V (vs.

reversible hydrogen electrode) and reaches an unprecedented formate production rate of 1.14 mmolcm?h? at -1.2 V.

Additionally, the catalyst also displays a long-term stability (24 h). Density functional theory calculations reveal the

catalytically selective nature of In for formate production. Independent of the crystal facet, In surfaces stabilise *OCHO, a

key intermediate for the formate pathway, much more effectively than the *H (for the H, pathway) and *COOH (for the CO

pathway) intermediates. Experimental results demonstrate that the improved CO, reduction selectivity on the porous In

catalyst originates from the reduced evolution of H,, which is induced by the high local pH in the vicinity of the electrode.

Furthermore, the porous In can also serve as a template to synthesise a porous Pd—In catalyst for tuning the selectivity of

formate and CO, demonstrating its promising potential for CO, electroreduction.

1. Introduction

Electrochemical reduction of carbon dioxide (CO,RR) into useful
chemicals and carbon-based fuels using renewable sources of
electricity is a promising strategy to reduce CO, emissions by
replacing existing petrochemical-based processes. Among
CO,RR products, formic acid (or formate) is an attractive
chemical that has been widely used in cleaning products, for
feed preservation, and in the leather processing industry.?
Additionally, the electrochemical formate production process
can also be integrated with biological formate conversion
process to generate higher alcohols.?3 However, despite that
the equilibrium potential for this 2-proton/electron reaction
(CO, > HCOOH) at pH 7 is approximately 0V (compared to a
reversible hydrogen electrode, RHE; all potentials in this paper
are versus RHE specified), at low
overpotentials the reaction efficiency is limited by sluggish
kinetics. Moreover, the poor selectivity due to the myriad
possible reaction pathways for CO,RR and, in particular, the
competitive hydrogen evolution reaction (HER) also represents
a significant challenge for this reaction. Therefore, it is highly
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desirable to develop a CO,-to-formate electrocatalyst that
works at a relatively low overpotential while exhibiting high
activity and selectivity.

Early studies have identified several transition and post-
transition metals, including Cd, Hg, In, Sn, Tl, Pb, and Bi, as
selective catalysts for CO,-to-formate.*> Among them, In is
suggested as a potential catalyst for practical formate
production, since it is less toxic and more environmentally
benign than many of its neighbours.2® Recent researches have
shown that In-based catalysts can readily reduce CO, to formate
in an aqueous electrolyte with faradaic efficiencies (FE) >80%;
however, with limited current density at reasonable
overpotentials. For example, oxidised In foil and In
nanoparticles were found to reduce CO, to formate with a
selectivity of >90%, but the current densities were lower than
10 mA cm™2 at the potentials of highest formate FEs.”8 On a
dendrite In electrode, the maximum FE (~ 86%) was achieved at
-0.86 V with a current density of 5.8 mA cm™2.° Even on a gas
diffusion In/carbon electrode, the total current density only
reached 6.2 mA cm at —1.2 V.10 Moreover, the stability of In-
based catalysts has not yet been extensively evaluated and no
catalyst with more than 2 h stability has been reported.®1! Thus,
the performance of In-based catalysts, in terms of selectivity,
activity and stability, needs to be greatly improved before any
practical applications.

Manipulating the structure of the electrode, particularly
creating a highly porous structure, has been recently recognized
as an effective means to enhance the catalytic performance.
While porous metal electrodes, such as Cu,? Ag,’3 and Au!*
have been fabricated and demonstrated as promising CO,RR
catalysts, a porous In electrode may also be designed.
Nevertheless, the special physical and chemical properties of In,
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for example, its soft nature (Young's modulus is 11 GPa), low
melting point (156.5 °C) and easy to oxidise properties, limit the
engineering of its nanostructure. Indeed, not only is such a
porous In catalyst still lacking, the reaction mechanisms of CO,-
to-formate over In-based catalysts are also not clear. For
instance, Bocarsly et al. suggested that the oxidised In layer on
the surface of an In electrode may be involved in the CO,RR
reaction by forming a metal carbonate species, which is then
reduced to formate.”'> In contrast, Shaughnessy et al. found
that an In/In,0O3; composite catalyst produces CO, rather than
formate, at a selectivity near 100%.'® Alternatively, for a
dendritic In catalyst, the high local CO, concentration near the
electrode induced by the local electric field was proposed as the
reason for the high catalytic performance observed.®'’ The
ambiguous CO,RR  mechanism greatly impedes the
development of advanced In catalysts; thus, systematic studies
using experimental and theoretical methods are urgently
required to gain further insights into the reaction mechanisms.
In this work, we developed a three-dimensional (3D)
hierarchical porous In catalyst (hp-In) for CO,RR using a facile
electrochemical deposition method. Under a high current
deposition condition, H, bubbles generated from the
accompanying HER serve as a geometric template.'® The as-
prepared hp-In electrode exhibits a high faradaic efficiency for
formate (~90%) and reaches the highest formate production
rate (1.14 mmol cm™ h7! at -1.2 V) among the state-of-the-art
catalysts in aqueous solution reported. Density functional
theory (DFT) calculations combined with detailed experimental
studies revealed that the high formate selectivity over hp-In is
attributed to the strong adsorption of an *OCHO intermediate
on In facets and the high local pH near the highly roughened
electrode surface. Furthermore, the hp-In electrode was also
applied as a template to synthesise a porous Pd—In catalyst for
tuning the CO,RR selectivity.

2. Experimental part

2.1 Materials. Cu mesh (80 mesh), Ni mesh (100 mesh), In foil
(0.127 mm, 99.99% metal basis), In,(S04)3 (99.99% metal basis),
PdCl, (99.9% metal basis), HNO; (2.0 N standardised solution)
and HNO; (65%) were purchased from Alfa Aesar. (NH;),SO,4
(99.5%), H,S0O4 (75%) and KHCO; (99.5%) were purchased from
Carl Roth. NaCl (99.5%) was purchased from Fluca. HCI (32%)
was purchased from Reactolab SA. A Ag/AgCl reference
electrode (3 M NaCl) was purchased from ALS Corporation,
Japan. High-purity CO, (99.999%) and N, (99.999%) were
supplied by Cabagas, Switzerland. All chemicals were used as
received without further purification. Electrolyte solutions were
prepared using Milli-Q water (Millipore, 18.2 MQ cm).

2.2 Sample preparation. The hp-In was prepared by an
electrochemical deposition method modified from previous
reports.'218 The electrodeposition was performed in a two-
electrode cell using the Cu mesh as the working electrode (and
also providing a substrate for the hp-In) and Pt wire as the
counter electrode. The Cu mesh (0.4cm x0.5cm, with a
0.2 cm x 0.5 cm rectangular tip for holding) was sonicated in
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acetone, water, and 2 M HNOs for 5 min, sequentially,.and then
washed with Milli-Q water and dried in a fléW: 6f N33 TRE Wokiipg
electrolyte was prepared with a 1.5 M (NH;),SO4 and 0.03 M
In,(SO4); aqueous solution. The hp-In was deposited on the Cu
mesh at a constant current density of 1.0 mA cm~2 (normalised
to the geometric surface area) for 120 s. After the deposition,
the as-prepared hp-In was carefully washed with Milli-Q water,
subsequently dried in a N, flow, and then used as an electrode
for CO;RR.

In foil (Figure S1), used as a reference sample, was cleaned
sequentially with acetone, water, and 2 M HCI for 5 min and
then washed with Milli-Q water and dried in a N, flow.

The two additional porous In electrodes used in control
experiments were prepared by the same method as that used
for hp-In but under different conditions: sample 1, 0.125
mA cm=2 for 500 s (named hp-In-0.125) and sample 2, 0.5
mA cm=2for 200 s (named hp-In-0.5).

Porous In on Ni mesh electrode was prepared using a 1.5M
(NH4),S04 and 0.03 M Iny(SO4); aqueous solution. In was
deposited on Ni mesh at 2.0 A cm=2 for 180 s.

Porous Pd electrode was prepared using a 2.0 M H,SO4, 2 mM
PdCl, and 50 mM NacCl aqueous solution. Pd was deposited on
Cu mesh at 2.0 A cm=2 for 200 s.1°

Pd—In electrodes were prepared by dipping the fresh hp-In into
1.0 mL PdCl, aqueous solutions for 5 min. PdCl, solutions with
different concentrations (0.1, 0.5, 1.0 and 2.0 mM) were
prepared with 0.1 M NaCl and certain amount of PdCl,. After Pd
deposition, the as-prepared electrodes were carefully washed
with Milli-Q water and sequentially dried under N, flow. The Pd-
In electrodes were denoted as Pd-In-0.1, Pd-In-0.5, Pd-In-1.0
and Pd-In-2.0 respectively, according to the concentration of
[PACl4]?% in the solutions.

2.3 Characterisation. Scanning electron microscopy (SEM) images
were taken on an FEI Teneo system and X-ray diffraction (XRD)
patterns were obtained from a Bruker D8 Advance equipped
with a Cu Ka X-ray source at 40 kV and 40 mA. The X-ray
photoelectron spectroscopy (XPS) results were recorded using a
Phoibos 100 (SPECS) hemispherical electron analyser with Mg
Ka X-ray source (hv = 1253.6 eV). The XPS spectra were
recorded at a pass-energy of 90 eV for the survey and 20 eV for
the narrow scans in the fixed analyser transmission mode. The
samples are conductive, and thus no charge compensation was
needed. The ICP-OES measurements were taken using an
Agilent 5110 inductively coupled plasma optical emission
spectrometry (ICP-OES) system. All the samples were dissolved
in 65% HNO;3; and then diluted with Milli-Q water. Pd and In
standard solutions with different concentrations were prepared
with PdCl, and In,(SO4)s in 2% HNO3, respectively. The obtained

mass loadings of Pd and In were listed in Table S1.
2.4 Electrochemical measurements. All electrochemical
measurements were performed with a two-compartment cell
(H-Cell) and the working and counter electrode compartments
were separated with a Nafion membrane (212, DuPont). An

Autolab PGSTAT 204 potentiostat was used to record the data.

This journal is © The Royal Society of Chemistry 20xx
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A piece of platinum gauze (2.5cm x 2.5cm) and a Ag/AgCl
electrode were applied as the counter and reference
electrodes, respectively.

The the electrochemical surface area (ECSA) of the electrode
was determined by measuring the double-layer capacitance
(Ca1). Cyclic voltammetry (CV) was performed at scan rates of
0.1, 0.15, 0.2, 0.25, and 0.3 Vst in a N,-bubbled 0.1 M KHCO;
electrolyte. The potential window of CV was selected to be
between -0.34 and -0.44 V, where only double-layer charging
and discharging is relevant. The total charging current at a given
scan rate was determined as the difference between the anode
current and the cathode current at -0.39 V. These capacitive
currents were plotted against the scan rate, and the slope of
this plot was divided by 2 to obtain the value of Cy. The ECSAs
of the porous samples were then calculated using their Cy
values divided by 30.5 puF cm™2 (the Cq of the In foil, which is
very similar to the value of other planar metal surfaces?%2%).
Electrochemical CO, reduction experiments were conducted
with the H-Cell. Each compartment of the cell was filled with
30 mL of 0.1 M KHCOj; solution with 15 mL left as dead volume.
CO, was introduced into the cathodic compartment at a flow
rate of 21 mL min™! (controlled by a mass flow controller, (EL-
Flow, Bronkhorst)) during the experiments. Prior to the start of
each experiment, the catholyte was saturated with CO, for at
least 30 min (the pH value was measured to be 6.8). To enhance
the mass transport of CO, during electrolysis, the catholyte was
stirred continuously using magnetic agitation. All potentials
were recorded against the Ag/AgCl reference electrode and
then converted into RHE values using: E (vs. RHE) = E(vs.
Ag/AgCl) + 0.21V + 0.0591 V x pH. The uncompensated ohmic
loss (/Ru) was corrected in situ via the current interrupt method,
and compensation levels were set to 85% of the measured
I‘Ru_22—26

The same protocol was used for the stability test; however, in
order to avoid the accumulation of formate in the catholyte, a
multi-channel peristaltic pump (ISMATEC, REGLO Digital MS-4/8
834) was used to exchange the catholyte. That is, fresh CO,-
saturated 0.1 M KHCO; was pumped into the cathode
compartment at a speed of 23 mL min~ while, concurrently, the
catholyte was also pumped out and collected at the same flow
rate to maintain a constant level of catholyte (30 mL) in the
cathode compartment.

2.5 Product distribution analysis. The gas-phase products were
detected online with a gas chromatograph (GC, SRl instruments
8610C) equipped with a thermal conductivity detector (TCD)
and a flame ionisation detector (FID, with a methaniser). The
CO, gas flow, together with the products from the cathodic
compartment, was vented directly into the sampling loop of the
GC. Aliguots were collected every 20 min during the reaction,
and at least three injections were measured for each
experiment. Liquid products were collected after the reaction
and were detected by high-performance liquid chromatography
(HPLC, Thermo Scientific, Dionex UltiMate 3000 Standard
System).?’

2.6 DFT models and calculations. All plane-wave DFT
calculations were carried out with the Vienna ab initio
Simulation Program (VASP)?® using the generalised gradient

This journal is © The Royal Society of Chemistry 20xx

approximation (GGA) and Perdew, Burke, and Ernzerhof {PBE)22
exchange-correlation function. Four In suffgtes) iRéhudiig (o)
(002), (110), and (112), were modelled using three-layer (2 x 2)
periodic unit cells, with the bottom layer fixed during
optimisation while the remaining atoms relaxed. Projector
augmented wave pseudopotentials3® were used to describe the
interactions between the ions and the electrons in expanding
plane waves with a cutoff energy of 400 eV and a (5,5,1) k-point
sampling Monkhorst-Pack grid.3! Different adsorption
configurations were considered and only those adsorbate
configurations with the lowest energy were used for the final
free energy diagrams.

All thermodynamic properties were calculated based on the
molecular vibration analysis from the DFT calculations. The
Gibbs free energies were calculated at 298 K and 1 atm.
according to G = Eppr + Ezpg + f(z)gscvdT — TS, where Eprr is
the DFT total energy, EzpE is the zero-point vibrational energy
(ZPE) obtained from the calculated vibrational frequencies, the
thermal capacity fﬁgBCvdT was calculated from the heat
capacity, T is the temperature, and S the entropy of the studied
system. For the gas molecules, including H,, CO,, CO, H,0, and
HCOOH, the ideal gas approximation was used, and for the
adsorbates, the harmonic approximation was used. Corrections
for CO,, CO, and HCOOH were applied using the values for the
PBE function to describe accurately the free energy of the
reaction for CO,RR.32 An approximate solvation correction to
account for the effect of water was applied for *COOH
(stabilised by 0.25 eV). Free energy diagrams were generated
using the CHE method.?3® Additional details of the DFT
calculations are provided in the Supporting Information.

3. Results and discussions
3.1 Synthesis and characterizations of hp-In.

The hp-In catalyst was synthesised by a facile one-step
template-free electrodeposition method at a constant current
density of -1.0 A cm=2 for 120 s (Figure 1a and Figure S2). The
concomitant hydrogen bubbles generated during the
electrodeposition served as a geometric template, accounting
for the formation of hierarchical porous structures. (NH;),SO4
was used as solvent to facilitate H, evolution over the initial
deposited In layer, since In has a high hydrogen overpotential.*
A copper mesh was selected as a support rather than a foil, as it
allows the transport of electrolyte around the mesh to
compensate the concentration gradient caused by
electrodeposition, and therefore ensures the uniform growth of
porous In. As revealed by the SEM images (Figure 1c—e), the In
layer was deposited homogeneously on the support with
uniformly interconnected macropores (~150 um, Figure 1c)
which were inherited from the Cu mesh (Figure 1b). Close
observation revealed that densely packed In ‘leaves’ were
formed uniformly and vertically on the Cu wire, and between
the leaves, smaller macropores with diameters of 10 to 30 um
were observed (Figure 1c—e). In addition, each of the In leaves
was fully covered by
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Figure 1 (a) Schematic illustration for the sYnthesis of hp-In. (b) SEM image of Cu mesh. (c)-(e) SEM images of hp-In at different magnifications. (f) XRD patterns of In

foil and hp-In. (g) XPS In 3d spectra of In foil and hp-In.

interconnected micro-gullies of appropriately 1 um width
(Figure 1e). These morphological features clearly demonstrate
the successful electrodeposition of hp-In onto the Cu mesh with
a structure consisting of three sizes of progressively larger
pores.

The crystal structure of the hp-In catalyst was examined by XRD.
As shown in Figure 1f, diffraction peaks located at
approximately 32.7°, 36.1°, 38.9°, 54.2°, 56.3°, 63.0°, 66.8°,
and 68.9° were consistent with those of the In foil and the
metallic In phase (JCPDS card No. 01-80-5354). Additional peaks
were observed at 43.3° and 50.4° on the hp-In pattern, arising
from the Cu mesh support. The sharp diffraction peaks of the
hp-In indicate the high crystallinity of the deposited In (the
average crystallite size calculated using the Scherrer equation
with full profile fitting was ~60 nm). XPS was performed to
investigate the surface chemical composition and oxidation
state of the hp-In. No spectrum from Cu was observed in the
survey spectrum (Figure S3), implying that the Cu mesh was fully
covered by the porous In layer. Specifically, the In 3ds;,; XP
spectra of the hp-In and In foil were deconvolved into two peaks
(Figure 1g), which were attributable to the metallic In (443.9 eV)
and In,03 (445.1 eV). The partially oxidised In could be removed
by Ar* sputtering performed in the XPS chamber (Figure S4),
therefore the oxidation of In should be associated with
oxidation in air prior to the XPS measurement. Such a thin layer
of oxidised In could be readily reduced at the beginning of
CO,RR.7

3.2 CO,RR performance over In foil and hp-In.

4| J. Name., 2012, 00, 1-3

The electrochemical performance of the hp-In was initially
investigated by CV measurements in 0.1 M KHCO; saturated
with N, or CO, (Figure 2a and Figure S5). The In foil was also
tested under identical conditions for the purpose of
comparison. As shown in Figure 23, in all cases, oxidation peaks
appeared at ca. -0.1 V, corresponding to the oxidation of In® to
In3+.7.%.16 The reduction peaks appeared at around -0.4 V, with
peak areas similar to the oxidation peaks, which corresponds to
the reduction of In3* to In%.72:16 Interestingly, the inset in Figure
2(a) shows that the redox peaks of In foil obtained in CO, are
lower than those obtained in N,, which could be due to the
presence of adsorbed species during CO,RR.3* While in case of
hp-In, the redox peaks are much larger compared with those of
In foil, thus no obvious influence from reaction intermediates is
observed. At more negative potentials (< —=0.6 V), the increase
in current densities (geometric current density, unless
otherwise specified) under N, conditions could be attributed to
the HER, while under CO, conditions it is due to the HER and
CO;,RR. Obviously, both the In foil and hp-In electrodes show
higher current densities in CO, conditions than those in N,
demonstrating the active nature of In in reducing CO, rather
than H,0. Moreover, due to its porous structure, hp-In exhibits
much higher current density than that of In foil.

To identify and quantify the reduction products, bulk
electrolysis was conducted in CO,-saturated 0.1 M KHCOs. The
FEs of the reduction products in the potential range of -0.6 to
-1.2V are displayed in Figure 2b—c for In foil and hp-In,
respectively. As shown, only H,, CO, and formate were detected
as the reduction products from the two electrodes, with a total

This journal is © The Royal Society of Chemistry 20xx
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FE of approximately 100%. Figure 2b shows that formate and H,
are the main products obtained from the In foil electrode, the
FEs of which are strongly dependent on the applied potential,
whereas the FE for CO is limited to less than 13% over the entire
potential range. Note that trace amounts of H,, CO, and formate
can also be detected at -0.6 and -0.7V, but are hardly
quantified because of the limits of detection. From -0.8V,
formate starts to be reliably and reproducibly detected with an
FE of 29.9%, while H, exhibits an FE of 51.3%. With the decrease
in the applied potential, the formate selectivity increases
dramatically to 64.9% at —-1.0 V and reaches a plateau of ca. 70%
at -1.2 V. Conversely, the FE for H, decreases gradually to
12.2%. This product distribution agrees well with that observed
on other In-based electrodes, where formate is the dominant
product reduced from CO,, while H, is the competitive product
from the HER.7® Surprisingly, on the hp-In electrode, the FE for
H, is significantly suppressed to less than 10% in the entire
potential range, and CO, is reduced to formate and CO with FEs
of >90% (Figure 2c). Formate is initially detected at -0.6 V with
an FE of 61.2%, which gradually increases to 88.2% at -1.0 V and
is then maintained at ¥90% until —=1.2 V. In concert with the rise
of formate FE, the CO FE declines from 29.4% to 2.4% as the
applied potential shifts negatively from -0.6 V to -1.2 V. To
futher confirm that the Cu mesh dese not play a catalytic role
during CO,RR, we prepared a porous In electrode supported on
a Ni mesh and evaluated its CO,RR performance. While bulk Ni
is known to be inactive for CO,RR,* the product distribution of
porous In on Ni mesh is similar as that of hp-In (Figure S6). This
indicates that the metal meshes only serve as support and
current collector, and it also demonstrates the universality of
our method in preparing supported porous In catalysts.

The total current density of the In foil and the hp-In are also
plotted against the working potential (Figure 2d). Consistent
with the CV results (Figure 2a), hp-In shows significantly higher
current densities than In foil. With an increase in the
overpotential, the total current on the hp-In reaches a
remarkably high value of 67.5 mA cm=2 at -1.2 V. This improved
current density on hp-In may be attributable to its enlarged
surface area. To confirm this, ECSA was calculated from the
double-layer capacitance derived from the CV data (Figure S7
and Table S2). The results reveal that hp-In exhibits a 27.6-fold
higher ECSA than In foil due to its highly porous structure. Taken
together, these results demonstrate that by creating a 3D

This journal is © The Royal Society of Chemistry 20xx

porous structure, the CO,RR performance of the Inglegtrade,in
terms of both current density and formatel séléetr/ity dahtbie
dramatically improved.

Because of the outstanding current densities and the high
formate FEs, the hp-In electrode also delivers superior formate
production rates (FPRs). As shown in Figure 2e, the FPRs of hp-
In are plotted against the applied potential and compared with
those of other state-of-the-art formate-producing catalysts,
including In, Sn, Bi, and Pb etc. At more positive potentials (-0.6
to -1.0V), the FPRs of the hp-In electrode are among the
highest values delivered by the most active formate-producing
catalysts under optimised conditions. As the FPR of the hp-In
increases monotonically with the overpotential, it reaches an
unprecedented value of 1.14 mmolcm™2h™lat-1.2 V.

The durability of a catalyst is essential for practical applications;
however, the stability of In-based catalysts has not yet been
extensively evaluated and no catalysts with more than 2 h
stability have been reported.>!! Therefore we examined the
long-term performance of the hp-In electrode in 0.1 M KHCO3
at —1.0 V. According to previous results,?* the accumulation of
formate in the cathodic compartment of the H-Cell can lead to
a decrease of the formate FE, as also observed in our initial tests
(Figure S8). To isolate the influence of the formate
accumulation, we exchanged the electrolyte in the cathodic
compartment with fresh CO,-saturated 0.1 M KHCO; at a
constant flow rate (23 mL h1) using a peristaltic pump. As
shown in Figure 2f, the current density was maintained at
around 33 mA during the 24 h stability test, with no apparent
signs of activity loss. The formate FE showed an initial decay
from ~90% to ~78% over the first 9 h, and then stabilised at
~76%. Notably, the decrease in the formate FE was
compensated by the CO FE, which increased from ~6% to ~16%,
while the FE for H, remained at a low level (<10%). We speculate
that the increase in CO selectivity in the first few hours is due to
the access of the electrolyte/gas bubbles at the interface of the
In layer and the Cu mesh, as the Cu-In interface has been
suggested to be highly selective for CO,-to-CO.3® The
morphology of the sample after the stability test had not
changed and the porous 3D structure was well preserved, as
revealed by the SEM results (Figure S9). Taken together, the
high current density, along with the high formate selectivity and
long-term stability, demonstrates the significant potential of
hp-In for CO,RR applications
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Figure 2 (a) Cyclic voItammoFrams of the In foil and hp-In in N,- and CO,-saturated 0.1 M KHCOj3 at a scan rate of 50 mV/s; note that maﬁnetic stirring and ohmic loss

compensation were not app

ied during CV scans to avoid a noisy background, which leads to lower total current densities compared wit!

the values shown in (d). ibg

Potential dependent faradaic efficiencies for In foil and (c) hp-In. (d) Comparison of current densities for In foil and hp-In obtained at various applied potentials. (e

Formate production rate at various applied potentials on the hp-In electrode, alon
formate catalysts. The catalysts were classified as: In (red),®® Sn (dark-blue),3”

%‘with an overview of the formate production rate on the state-of-the-art CO,-to-

Bi (yellow),12645-48 ph (blue),*>° alloys (black),’%52 and non-metal electrodes

(magenta).>3-5> The details are summarised in Figure S10 and Table S3 in the Supporting Information. (f) Catalytic stability performance for hp-In.

3.3 Mechanism of CO,RR to formate on In facets.

Calculations using DFT have become a powerful tool for
studying the reaction mechanisms of CO,RR on model catalysts.
Computational investigations on metals such as Cu,3%°6 Au,7:57
Pd>® and Zn*® have provided mechanistic insights into the
reaction pathways and predicted appropriate structures for
advanced catalysts. However, no DFT simulation has been
conducted for In-based catalysts for CO,RR. Therefore, to reveal
the origin of the preferential selectivity towards formate over
In-based catalysts, we calculated the adsorption energies of the
key reaction intermediates over various In facets. During the
DFT calculation, HCOOH was considered to be a reduction
product rather than formate, since decoupling the proton and
electron donat