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Large-scale CO, electrolysis can be applied to store renewable energy in chemicals. Recent develop-
ments in gas diffusion electrodes now enable a commercially relevant current density. However, the low
selectivity of the CO, reduction reaction (CO,RR) still hinders practical applications. The selectivity of the
CO3RR highly depends on the electrocatalyst. Sn catalysts are considered promising cathode materials for
the production of formic acid. The selectivity of Sn catalysts can be regulated by controlling their mor-
phology or alloying them with secondary metals. Herein, we enhanced the selectivity of CO, reduction to
formic acid by synthesizing Sn—Cu@Sn dendrites that have a core@shell architecture. The Sn—Cu@Sn
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dendrites were prepared by a scalable electro-deposition method. The electronic structure was modified
to suppress a reaction pathway for CO production on the Sn surface. Notably, the Sn shell inhibited the
cathodic corrosion of Cu during the CO,RR. On a gas diffusion electrode, the Sn—Cu@Sn dendrites
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Introduction

As a promising route for CO, capture and conversion, the
electrochemical CO, reduction reaction (CO,RR) has attracted
much attention.” CO, can be converted into useful chemical
fuels by storing intermittent renewable power as stable chemi-
cal bonds.?> A CO,RR with high current density is now feasible
with a gas diffusion electrode (GDE) that delivers CO, gas to
catalytically active sites at a solid-liquid-gas interface.*® At
least 16 different small molecules (e.g. carbon monoxide,
formic acid, methane, ethylene, etc.) can be produced from the
CO,RR, and the product distribution is mainly determined by
the electrocatalytic materials.”® Hence, catalysts highly selec-
tive toward high-value target products must be developed to
upscale and deploy a practical CO, conversion technology.’
The selectivity of the catalysts can be tuned by controlling the
morphology of the catalyst, alloying it with other metals, or
doping heteroatoms into the catalyst.' These approaches
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exhibited 84.2% faraday efficiency to formic acid for 120 h with high stability.

change the adsorption energies or the orientations of the
adsorbed reaction intermediates on the catalyst surface, which
consequently alter the reaction pathways.'®

Formic acid is a promising product that can be directly
obtained from electrocatalytic CO,RR. The electrochemically
produced formic acid can be used in direct fuel cells or uti-
lized as a storage solution for renewable hydrogen.'
Furthermore, the reaction pathway to formic acid is compara-
tively simple because it only requires a two e~ transfer.'>'* A
selective and active electrocatalyst is needed to decrease the
high activation energy (i.e., the large CO,RR overpotential) and
to suppress the competing hydrogen evolution reaction (HER)
and CO production under the cathodic conditions.

Sn has been identified as a Sabatier optimal metal for the
CO,RR to formic acid'* because it has a near-optimum
binding strength to *OCOH, which is generally known as a key
reaction intermediate for formic acid.'> Sn nanoparticles,'®
nanowires,'”'® and mesoporous sheets'®*° have all exhibited
enhanced selectivity towards formic acid. Electrodeposited Sn
electrodes with a dendritic shape or dense tips were also
reported as selective CO,RR catalysts for formic acid.”™??
Alloying with a secondary metal provides a straightforward way
to modulate the electronic structure of Sn and thus the selecti-
vity.”> Cu is a particularly promising secondary metal for the
CO,RR to formic acid when alloyed with Sn under certain com-
positions® as both Cu and Sn are earth-abundant metals and
are easy to supply. Zheng et al. performed in situ X-ray absorp-
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tion experiments and showed that the alloyed Sn with Cu was
more electrophilic than pristine Sn even under CO, reducing
conditions, which can suppress competing HER and CO pro-
duction from the CO,RR.?> However, some Sn—Cu alloy compo-
sitions were alternatively reported to be selective toward CO
formation,*®">° because the selectivity of Sn—Cu catalysts varies
depending on the surface composition differences between the
two metals.>>?® A. Vasileff et al. showed a linear relationship
between formic acid selectivity and Sn content in Sn—-Cu alloy
catalysts.® A Sn-rich surface is desired for selective formic acid
formation.* However, shape control of the catalyst nano-
structure for activity or selectivity optimization and their degra-
dation mechanism during the reaction have been scarcely
studied for Sn-Cu alloy catalysts.

Herein, Sn-Cu@Sn dendrites were prepared by a scalable
electrodeposition method. A Sn-Cu alloyed core was obtained
with a Sn-rich surface layer. The electrophilic Sn at the surface
readily adsorbed the nucleophilic *OCOH intermediate that
can be further converted to formic acid. The dendritic shape
made active sites more exposed and improved selectivity.
Under the GDE cell configuration, the Sn-Cu@Sn dendrites
showed enhanced activity and selectivity to formic acid when
compared to Sn electrocatalysts. The stability of the alloyed
electrocatalyst was also tested for operation on the GDE. The
Sn shell suppressed the dissolution and re-electrodeposition
of Cu during the CO,RR. A rapid degradation was observed
once the shape of the catalysts was poorly controlled with
exposure of the Cu core.

Experimental section
Cathode preparation with Sn—-Cu@Sn dendrites

Sn-Cu@Sn dendrites were prepared by electrodeposition. To
prepare a plating solution, solutions A and B were prepared
separately. Solution A contained 0.5 M Na,SnO;-3H,O (95%,
Sigma Aldrich) and 0.4 M NaOH (>97.0%, Sigma Aldrich).*!
Solution B contained 0.17 M CuSO,4-5H,0 (>98.0%, Sigma
Aldrich), 1.2 M lactic acid (>85%, Sigma Aldrich), and 1.5 M
NaOH (>97.0%, Sigma Aldrich). Then, 50 ml of solution A and
25 ml of solution B were mixed via magnetic stirring to
prepare the plating solution. The working electrode was a
carbon cloth (CC, CeTech) and the back side of the CC was
coated with polytetrafluoroethylene (PTFE) with a loading of
0.3 mgprpg cm > to avoid contact with the plating solution and
electrodeposition at the back. The CC was placed on a glass
slide, and every edge was covered with an epoxy adhesive
(Loctite® EA 9460™). The reference electrode was a Hg/HgO
electrode (1 M NaOH, RE-61AP, ALS). The counter electrode
was a graphite rod (WonATech). With a potentiostat (ZIVE BP2,
WonATech) and a power booster (WonATech), a voltage of
—4.0Vygmgo Was applied for 10 min for electrodeposition. The
temperature of the plating solution was 25 °C. After the elec-
trodeposition step, the working electrode was rinsed with de-
ionized (DI) water and dried at 60 °C. The electrocatalysts on
the electrode were collected with a disposable polypropylene
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knife, washed with 0.5 M NaOH solution, washed further with
DI water, and dried in a vacuum oven at 50 °C. A cathode was
prepared as a gas diffusion electrode (GDE) by a N, spray
method. The catalyst ink was prepared by dispersing 66 mg of
catalysts into 5 ml of a mixture of isopropyl alcohol (>99.7%,
Junsei) and ethyl alcohol (<0.003% water, Sigma Aldrich) in a
3:1 volume ratio. A Nafion ionomer solution (69.9 pl; 10%
aqueous solution, Sigma Aldrich) was added to the catalyst ink
as a binder. The ink was N, sprayed on a carbon paper
(Sigracet 39 BB) with a catalyst loading of 1.5 mg cm™ on a
hot plate at 80 °C.

Electrochemical CO, reduction

A customized GDE cell was used and its scheme is described
in Fig. $1.1 ! The reference electrode was Ag/AgCl (3 M NaCl,
BASi) and the anode was Ir oxide particles (99%, Alfa Aesar) de-
posited on a Ti diffusion layer (DL, Bekaert). An Ir oxide ink
was prepared by dispersing 132 mg of Ir oxide in 5 ml of a
mixture of isopropyl alcohol and ethyl alcohol in a 3 : 1 volume
ratio. Then, 139.7 pl of the Nafion ionomer solution was
added. After roll-pressing the Ti DL to a 180 pm thickness, the
Ir oxide ink was sprayed on the pressed Ti DL with a catalyst
loading of 3 mg cm™>. The geometric area of the electrode was
4 cm®. The electrolyte was CO,-saturated 1.0 M KHCOj3(3q)- A
Nafion 212 membrane was used. The flow rate of the CO, gas
(99.999%) was 50 sccm. Each point on the j-V curves was col-
lected after holding at a fixed current density for more than
30 min. The voltage was described in a reversible hydrogen
electrode (RHE) using the following equation with 85% iR
correction:

Vrie = Vag/agal + Vag/agal -+ 0-0591 x pH (1)

For the electrochemical surface area (ECSA) estimation,
double layer capacitance was measured by cyclic voltammetry
(CV) cycles with scan rates of 10, 20, 40, 60, 80 and 100 mV
s~'. A potentiostat (CHI 760E, CH Instruments) was used. A
specific capacitance (Cs) value of 0.033 mF cm™> was used for
the ECSA calculation as follows:*!

ECSA = Cp./Cs (2)

The commercial Sn nanoparticles (SnNP, Sigma Aldrich)
were also tested as a benchmark. For the durability test,
250 ml of each electrolyte was circulated separately through
the flow cell by two peristaltic pumps and galvanostatic CO,
electrolysis was performed at —30 mA cm™ for 120 h. Gas pro-
ducts from the electrochemical reactions were analyzed via an
online micro gas chromatograph (GC; Micro GC Fusion,
Inficon) equipped with a Rt®-Molecular Sieve 5 A and Rt®-
Q-Bond columns (Inficon) with thermal conductivity detectors.
The amount of formic acid produced in the electrolyte was
quantified by a high-performance liquid chromatograph
(HPLC; YL9100, Younglin) with a Hi-plex H column (Agilent)
and a refractive index detector.

This journal is © The Royal Society of Chemistry 2022
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Characterization

Transmission electron microscopy (TEM) images were
obtained with a Cs-corrected transmission electron microscope
(Titan cubed G2 60-300, FEI) with energy-dispersive X-ray spec-
troscopy (EDS). The Sn-Cu@$Sn dendrites were also character-
ized by scanning electron microscopy (SEM; Magellan 400,
FEI) and inductively coupled plasma mass spectrometry
(ICP-MS; iCAP RQ, Thermo Fisher Scientific). The X-ray photo-
electron spectroscope (XPS; K-alpha', Thermo VG Scientific)
used a monochromated Al Ka X-ray source (12 kV, 3 mA). The
binding energy was calibrated by locating the C 1s peak at
284.8 eV. The crystalline structure was analyzed using a
powder X-ray diffractometer (XRD; SmartLab, Rigaku) with a
Cu Ka X-ray source. X-ray absorption near edge structure
(XANES) spectra of the Sn K-edge were measured at the 10C
beamline of the Pohang Light Source (PLS-II). The incident
X-ray was monochromated by a Si(311) double-crystal. The
spectra were collected in a transmission mode with high-pre-
cision ionization chamber detectors. The X-ray energy was cali-
brated with a reference Sn foil. The XANES data were processed
with Athena software.

Results and discussion

Sn-based dendrites were prepared by electrodeposition with a
customized cell. Fig. 1(a) shows a low magnification SEM
image of the morphology of the obtained dendrites. They were
uniformly synthesized over the electrode area through electro-
deposition in alkaline plating solutions. The dendrites were
obtained on carbon cloth (CC) substrates by a single electrode-
position step with a plating solution that contained both Sn
and Cu ions. The back side of the CC was coated with
polytetrafluoroethylene (PTFE) to prevent electrodeposition at
the back. The edges of the working electrode were blocked
with an epoxy adhesive. Fig. S21 shows a photograph of the
working electrode used for the electrodeposition. The geo-
metric area of the exposed part was ~6.5 cm”. The electrodepo-
sition was performed for 10 min with a constant potential of
—4.0Vygmgo. The transient response of the current density is
presented in Fig. S3.f The current density increased during
the deposition process, likely due to the increasing surface
area while forming the dendritic structure. After the electrode-
position, the powders were collected with a disposable poly-
propylene knife, washed, and finally dried.

The XRD diffractogram of the dendrites in Fig. 1(b) was
ascribed to the diffraction peaks corresponding to both
Sn;Cu; alloy and metallic Sn. A high angle annular dark field
(HAADF) STEM image and its corresponding EDS mapping in
Fig. 1(c) and (d) demonstrate the core-shell structure of the
particles. Single elemental distributions are shown separately
in Fig. 1(e) and (f). The elemental mapping result shows that
the signals from Cu (red) were observed only at the core, while
Sn was mostly detected at the surface. The microstructure of
the surface is shown in the high resolution TEM (Fig. S41) and
SEM (Fig. S51) images. The surface elemental composition was

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Characterization of electrodeposited Sn—Cu@Sn dendrites. (a)
SEM image and (b) XRD pattern. Reference patterns for Sn;Cu; alloy
(PDF#03-065-3434) and Sn metal (PDF#00-004-0673) are displayed
together. (c) HAADF-STEM image and (d) the corresponding EDS
mapping image of Sn—Cu@Sn dendrites. Blue and red dots on the EDS
map represent the signals from Sn and Cu, respectively. Single element
distributions of (e) Sn and (f) Cu shown separately.

estimated as Sn;,Cuy via the XPS survey spectrum (Fig. S67),
while the overall composition of the dendrites was estimated
to be SnsgCuy, via ICP-MS. The dendrites seem to have a core—
shell structure consisting of a Sn—Cu alloy core with a Sn-rich
shell, which is denoted as Sn—-Cu@Sn below. When all the
edges of the working electrode for electrodeposition were not
sealed properly, a uniform core-shell structure was not
obtained, as shown in Fig. S7.}

The electronic structure of the dendrites was investigated
by X-ray spectroscopy techniques. For comparison, commercial
Sn nanoparticles (SnNP, <150 nm) were also characterized.
Fig. S81 shows the SEM images of the benchmark SnNP. The
Sn 3d XPS spectra in Fig. 2(a) present two prominent peaks at
486.4 (3ds),) and 494.8 eV (3ds,,), which are assigned to Sn>*
in the Sn-Cu@Sn dendrites.”® Metallic Sn° peaks were
observed together at 484.9 (3ds,,) and 493.4 eV (3d;,).>> The
atomic fraction of Sn** on the Sn-Cu@$Sn dendrites was 87.8%
while the fraction of Sn® was 10.6% and the fraction for Sn**
was 1.6%. The Sn shell at the surface was moderately oxidized.

Nanoscale, 2022, 14, 9297-9303 | 9299
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Fig. 2 X-ray spectroscopy. (a) XPS spectra of the Sn 3dz,, and 3ds,,
regions and (b) the Sn K-edge XANES spectra of the Sn—Cu@Sn den-
drites and commercial SnNP catalysts. The inset image shows the pre-
edge region of the spectra. Sn foil was used as a reference for XANES.

On the other hand, SnNP exhibited mostly Sn*" peaks at 487.0
(3ds/,) and 495.4 eV (3ds/,) with a fraction of 97.5% while the
fraction of Sn® was 0.4% and the fraction of Sn*" was 2.1%,
indicating that the surface of SnNP was heavily oxidized in the
form of SnO,. It was previously shown that Sn>" species could
enhance the selectivity of the CO,RR toward formic acid and
stay stable even after long-term operation.**—*

Fig. 2(b) shows X-ray absorption near-edge structure
(XANES) spectra at the Sn K-edge that provides the average
bulk information of the particles. The number of unoccupied
states can be qualitatively compared based on the main peak
(i.e., the white line intensity) from the XANES spectra. A higher
white line intensity was observed for the Sn-Cu@Sn dendrites
suggesting its oxidation state is higher than that of Sn foil or
SnNP. Although the surface of the SnNP was more oxidized,
the average oxidation state of SNNP was lower than Sn-Cu@Sn
dendrites, implying that the SnNP has metallic a Sn core. The
electron transfer from Sn to Cu enabled more electrophilic Sn
in the Sn—-Cu@$Sn dendrites.

The CO,RR experiments were performed with a customized
cell described in Fig. S1.f The electrodeposited Sh—-Cu@Sn
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dendrites were applied to the gas diffusion electrode (GDE)
configuration, in which gaseous CO, can directly meet the
catalyst surface. The facile mass transport can enhance current
density and productivity.*?" The experimental assessments of
the catalyst behavior of the GDE will facilitate the integrations
of catalysts for an actual CO, electrolyzer.>*® After making a
catalyst ink with isopropyl alcohol and ethanol solution, the
ink was N,-sprayed onto a carbon paper (CP) with a catalyst
loading of 1.5 mg cm™2. An Ag/AgCl electrode in 3 M NaCl was
used as the reference electrode, an anode of Ir oxide NPs
sprayed on a pressed Ti diffusion layer (DL) was used, and the
catholyte and anolyte were separated by a Nafion 212 mem-
brane. The SEM images of the bare Ti DL and Ir oxide nano-
particles coated on a Ti DL are presented in Fig. S9.}

The electrocatalytic properties of the Sn—-Cu@Sn dendrites
were characterized under conventional CO,RR conditions with
a CO,-saturated bicarbonate buffer electrolyte at room temp-
erature. Fig. 3(a) shows the j-V curves of the Sn-Cu@Sn den-
drites, the SnNP, and the bare CP substrate. All the points were
obtained after 30 min of galvanostatic operation. The CP sub-
strate was almost inert with a current density of less than
—10 mA cm™2, and the current came from the HER rather than
the CO,RR. The Sn-Cu@Sn dendrites had significantly higher
activity than the SnNP. To reach a current density of —30 mA
em™?, the Sn-Cu@Sn dendrites required only —0.68Viug
whereas the SnNP needed —0.92Vzyg. The electrochemical
surface area (ECSA) of each catalyst was estimated from the
double layer capacitance measurements as shown in Fig. S10.7
With a given specific capacitance of 0.033 mF cm™> for Sn elec-
trodes,> the Sn—-Cu@$Sn dendrites electrode had a 46% higher
ECSA than the SnNP electrode (131.8 cm? and 90.3 cm?
respectively) due to the three-dimensional dendritic shape.
When the j-V curves were normalized by the ECSA, specific
current densities were compared as shown in Fig. S11.1 The
Sn-Cu@Sn dendrites had higher specific activity. Facilitated
activation of CO, to the *OCOH intermediate on the electro-
philic Sn surface can account for the higher intrinsic
activity.>>***! In addition, the dendritic structure at the elec-
trode surface is advantageous to increase the local pH near the
electrode, which facilitates the CO,RR by suppressing the com-
peting HER.?”7*°

Fig. 3(b) and (c¢) show product distributions at various
potentials with the Sn-Cu@Sn dendrites and the SnNP,
respectively. When the applied potential was more positive
than —0.4Vgug, a competing side reaction, the hydrogen evol-
ution reaction (HER) will dominate the Sn-Cu@Sn dendrites.
Only a small amount of formic acid was accumulated in the
catholyte while CO was barely observed. On the Sn-Cu@Sn
dendrites, the Faraday efficiency to formic acid increased as a
more negative potential was applied, and the highest selecti-
vity of 84.2% was reached at —0.68Vyyg. Above this potential,
CO formation, which is another competing reaction of CO,RR,
increased gradually. For the SnNP, both Faraday efficiencies to
CO and formic acid increased as a more negative potential was
applied. The Faraday efficiency at —0.92Vgxyg with a current
density of —30 mA cm™> was 54.8% on the SnNP benchmark

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Electrochemical CO, reduction with Sn—Cu@Sn dendrites and SnNP catalysts on a GDE cathode. (a) j—V curves. Each point was obtained
after a galvanostatic operation for 30 min. Measured Faraday efficiency on (b) Sn—Cu@Sn dendrites and (c) SnNP catalysts at different potentials.
Measurement conditions: 4 cm? GDE, 1.5 mg cm™2 catalyst loading, 1.0 M KHCOg3(5q). Ir oxide nanoparticles on pressed Ti DL as a counter electrode,

Nafion 212 membrane, 25 °C.

catalyst. The Faraday efficiency increased slightly to 61.8% at a
lower voltage of —1.34Viyug. The Sn-Cu@Sn dendrites were
more selective than the SnNP for formic acid production.
Fig. S12t compares the selectivity ratios of formic acid over CO
products at various potentials and catalysts. The CO,RR to
formic acid was favored more than CO production on the Sn-
Cu@Sn, especially in the low overpotential region. The high
local pH of the nanostructured Sn electrodes suppresses the
HER but can cause significant CO formation.>" However, the
CO,RR to CO was also suppressed by the Sn-Cu@Sn dendrites
because of the rich Sn*" species.*>® The electrophilic Sn at the
surface of the Sn-Cu@Sn dendrites was favorable for the
adsorption of the *OCOH intermediate, which is a key reaction
intermediate for formic acid production.’*'® The SnNP also
had a rich oxidic Sn surface (Sn**) due to the native oxide as
confirmed in Fig. 2(a), but the CO,RR to formate was more
favored on the Sn-Cu@Sn dendrites mainly with Sn>* species
at the surface that are known to give higher activation energy
barriers to the competing reactions.® The partial current den-
sities toward each product at various potentials are compared
in Fig. S13.7 The partial current density to formic acid reached
—75.4 mA cm™ at —0.82Vgue on the Sn-Cu@Sn dendrites
while the SnNP had only —10.1 mA cm™> at —0.85Vgyg. In
Table S1,t the CO,RR parameters of the Sn-Cu@Sn dendrites
for formic acid production were compared with those of the
state of the art catalysts in the literature.

The durability of the Sn-Cu@Sn dendrites was tested by
performing CO, electrolysis on the GDE configuration. Fig. 4
shows the chronopotentiometry result at a current density of
—30 mA cm ™ for 120 h. The voltage was stable at ~—0.68Vgyr,
and there was only a minor decrease in the Faraday efficiency
to formic acid from 82% to 77%. Fig. S141 shows the SEM
images and XPS spectrum for the Sn-Cu@Sn dendrites after
the durability test. Even after operation for 120 h, the dendritic
morphology was barely changed. The atomic fraction of Sn**

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Prolonged CO2RR using Sn—Cu@Sn dendrites in a customized
GDE electrolysis cell for 120 h. Measurement conditions: 4 cm? GDE, 1.0
M KHCOg3,q). Ir oxide nanoparticles on pressed Ti DL as a counter elec-
trode, Nafion 212 membrane, 25 °C.

species on the surface was 86.6% after the reaction, consistent
with that at the beginning, while the fraction of Sn** slightly
increased to 5.2%.

However, a poorly shape-controlled catalyst was not stable
for the CO,RR. The electrodeposited particles shown in
Fig. S71 were tested for the CO,RR using the GDE configur-
ation and the results are shown in Fig. S15(a).f Although the
initial performance was similar, rapid degradation was
observed in the product distribution. Faraday efficiency to
parasitic HER increased from ~5% to ~25% during the 80 h
test, while the Faraday efficiency to formic acid decreased to
48% after the first 16 h and then to 36% at the end of the 80 h
test. Fig. S15(b) and (c¢)f show an SEM image and the EDS
mapping results of the catalysts after the durability test. The
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dendritic shape collapsed and Cu nanowhiskers were
observed. The Cu surface exposed to the electrolyte underwent
cathodic corrosion and then re-deposited on the electrode.
For stable and selective CO,RR to formic acid, the Sn shell at
the surface was required on the Sn-Cu alloy, which can
prevent the cathodic corrosion of Cu.

Conclusions

Scalable and selective catalysts applicable to GDE should be
developed for practical deployment of the CO,RR to formic
acid. The Sn—-Cu@Sn dendrites were prepared by a facile elec-
trodeposition method in a single step. The dendrites are com-
posed of a Sn-Cu alloy at the core and a Sn-rich shell at the
surface. When the Sn-Cu@Sn dendrites were applied to a
GDE, the activity and selectivity to formic acid were signifi-
cantly enhanced compared with commercial SnNP. For the
same current density of —30 mA cm™2, the Faraday efficiency
to formic acid reached 84.2% at —0.68Vxyy for the Sn-Cu@Sn
dendrites, whereas Faraday efficiency was 54.8% at —0.92Vryg
for SnNP. The electrophilic Sn surface may enable favorable
adsorption of the nucleophile *OCOH intermediate that would
be further converted to formic acid. The durability was
checked by performing the CO,RR on the GDE for 120 h at
—-30 mA cm™> Faraday efficiency, product distribution, and
voltage were barely changed. The Sn shell enabled stable long-
term operation by suppressing the cathodic corrosion of Cu
and its subsequent re-deposition on the cathode. This work
can contribute to the design of electrocatalysts for selective
formic acid production through large-scale CO,RR.
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