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Abstract: Bismuth-based materials have been recognized
as promising catalysts for the electrocatalytic CO,
reduction reaction (ECO,RR). However, they show
poor selectivity due to competing hydrogen evolution
reaction (HER). In this study, we have developed an
edge defect modulation strategy for Bi by coordinating
the edge defects of bismuth (Bi) with sulfur, to promote
ECO,RR selectivity and inhibit the competing HER.
The prepared catalysts demonstrate excellent product
selectivity, with a high HCOO™ Faraday efficiency of
~95 % and an HCOO™ partial current of ~250 mA cm
under alkaline electrolytes. Density function theory
calculations reveal that sulfur tends to bind to the Bi
edge defects, reducing the coordination-unsaturated Bi
sites (*H adsorption sites), and regulating the charge
states of neighboring Bi sites to improve *OCHO
adsorption. This work deepens our understanding of
ECO,RR mechanism on bismuth-based catalysts, guid-
ing for the design of advanced ECO,RR catalysts. )

Introduction

The long-term reliance on fossil fuels has resulted in
excessive carbon emissions, which have become a global
concern."! It is important to lower the concentration of
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carbon dioxide (CO,) through various technologies, such as
electrocatalysis,” thermocatalysis,”) photocatalysis,”! and
biocatalysis.”! Electrocatalytic CO, reduction reaction
(ECO,RR) offers high catalytic efficiency, mild conditions,
and controllability.”? ECO,RR uses intermittent electricity
from wind and solar energy to convert CO, into various
chemicals and fuels, offering one of the most promising
methods for achieving carbon neutrality.”

Formic acid, a main product in ECO,RR, is a high-
energy-density molecule that can be easily stored and used
for various applications such as fuel for formic acid fuel cells
and as an intermediate for synthesizing of biopharmaceut-
icals and chemicals.” However, the competitive hydrogen
evolution reaction (HER) in the aqueous electrolyte poses a
challenge in achieving high selectivity of formic acid
production using ECO,RR.® Bi-based catalysts have shown
the highest efficiency for formic acid conversion among
various catalysts for ECO,RR.”! During ECO,RR, Bi-based
catalysts undergo reconstruction, and the valence state of Bi
is reduced, making it difficult to identify the active sites of
the catalysts. The coordination environment of Bi-based
pre-catalyst has a significant influence on the morphology of
reconstructed Bi, with most reconstructed catalysts having
defects such as vacancies and steps.'”! For example, Bi,S;
nanowires are converted into vacancy-rich Bi nanosheets,!'!!
BiOBr nanosheets are converted into porous Bi nanosheets,
and bismuth metal-organic framework is converted into
ultra-thin Bi nanosheets with rich in-plane defects.”? To
improve ECO,RR while reducing HER is key to developing
effective Bi-based catalysts. From a chemical viewpoint, Bi
defects with coordination unsaturated sites and exposed
dangling bonds show high reactivity towards both ECO,RR
and HER intermediates, particularly hydrogen (*H) absorp-
tion. It is found that tailoring bulk Bi sites, such as strain
and curvature, can deliver high catalytic activity towards
ECO,RR.M™ Tt indicates that activating bulk sites while
passivating edge sites are likely to boost the generation of
formic acid with high selectivity and activity. Heteroatom
doping, such as sulfur doping, is a common way to improve
catalyst performance.'" Thermodynamically, the S atoms
tend to bind to the edge sites of metallic catalysts, and the
presence of S will alter the electronic structure of the
adjacent sites, potentially enhancing the catalytic activity of
the metal.™ In addition, the binding of S to the edge sites of
metal occupies the adsorption sites of *H, leading to
suppressed HER, the major competitive reaction for
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ECO,RR.['! Therefore, the introduction of S to the edge
sites of metal may be an effective means to selectively
improve the ECO,RR performance.

Herein, we design Bi nanosheets with the edge defect
sites coordinated with S via electrochemical reconstruction
of Bi;oBr;S,; nanowires (BBS). The edge-sulfur- modulated
bismuth catalyst demonstrates enhanced formate production
and suppressed hydrogen evolution. During the structural
transformation, the BBS pre-catalyst is converted into
metallic Bi with abundant defects, and the Br atoms entirely
escape in the form of HBr. Sulfur atoms can be partially
maintained and stabilized at Bi defects’ edge sites. Accord-
ing to theoretical calculations and electron microscopy
characterization, the sulfur atoms tend to exist at the edge
region of defects, which lowers the density of coordination-
unsaturated Bi sites for *H adsorption whilst tailors the p-
band center adjacent Bi sites for better ECO,RR perform-
ance. Under alkaline conditions, the S stabilized defect-rich
Bi nanosheets exhibit high formic acid Faraday efficiency
(~95%), low hydrogen Faraday efficiency (<5 %), and
high formic acid current density (~250 mA cm?).

Results and Discussion

The BBS pre-catalyst was synthesized from a typical
solvothermal reaction.'” The X-ray diffraction (XRD)
pattern of the BBS pre-catalyst shows that it consists of pure
phase Bi;oBr;S,; without other diffraction peaks (Figure S1).
Microscopy characterizations reveal that the BBS catalyst

Research Articles

Angewandte

intemationaldition’y) Chemie

comprises nanowires with a smooth surface and a diameter
of 100 nm, as shown in Figure S2. The X-ray energy
dispersive spectroscopy (EDS) mappings of Bi, Br, and S
elements clearly show their even distribution in the BBS
pre-catalyst (Figure S3).

The ECO,RR performance of BBS was evaluated in a
flowing electrolytic cell with a 1.0 M KOH electrolyte, and
constant CO, was delivered to the gas diffusion layer
(Figure S4)." Sputtered Bi powder was synthesized as a
control sample (Figure S5). Both electrodes were first
activated by cyclic voltammetry (CV) scanning in the
potential range of 0-—2.0V versus reversible hydrogen
electrode (RHE, all the potentials mentioned later are
versus RHE unless otherwise stated). As shown in the linear
scan voltammogram (LSV, Figure 1a), the BBS catalyst
demonstrates a high current density of 400 mAcm™? at
—1.3V in the 1.0 M KOH electrolyte, compared to the Bi
control with a current density of only 150 mAcm 2.
Furthermore, The multipotential electrochemical impedance
spectroscopy (EIS) test of BBS was performed in the range
of —0.7-—-1.1V (Figure S6). The impedance decreased
sharply with the decrease of applied potential, indicating
that the possible phase transition can greatly reduce the
electrochemical impedance of the catalysts.

The ECO,RR performance of BBS was further eval-
uated by analyzing the gaseous and liquid products using gas
chromatography (GC) and nuclear magnetic resonance
(NMR), respectively. The results show that formate is the
dominant product throughout the entire potential range
(Figure 1b), with CO and H, as minor products. This is
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Figure 1. (a) LSV curves of BBS and Bi powder in a three-electrode flow-cell system with 1.0 M KOH electrolyte; FEs of formate (b) and H, and CO
(c) for BBS and Bi powder in the potential range of —0.55 V——1.25 V. (d) partial current density of formate under different applied potentials for
BBS and Bi powder. (e) durability test of BBS at —0.58 V. The operating condition was as follows: anolyte and catholyte type=1 M KOH (pH 13.9);

electrolyte flow rate=20 mLmin™", average CO, inlet flow rate ~50 sccmcm™
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% and cell temperature and pressure under atmospheric conditions.
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consistent with the unfavorable adsorption of *COOH
intermediates on Bi-based catalysts. The formate Faraday
efficiency (FE) of BBS is more than 80% over a wide
voltage range of —0.75 to —1.25V, with the HCOO™ FE
reaching 95 % at —0.95 V. In contrast, the highest formate
efficiency of Bi powder in the same voltage range is only
80 %. The H, faraday efficiency of Bi powder is significantly
higher than that of BBS (Figure 1c), indicating the effective
suppression of HER on BBS. As shown in Figure 1d, the
HCOO™ partial current density at —0.95 V is 200 mA cm 2,
much higher than that of Bi powder (50 mAcm™). The
ECO,RR stability test (Figure le) indicates that through
10,000 s of continuous operation, BBS maintains a HCOO™
FE above 80% and a current density over 40 mAcm 2,
demonstrating good stability.

The change in morphology and structure of BBS after
ECO,RR may have contributed to its improved perform-
ance. The scanning electron microscopy (SEM) image of
BBS after ECO,RR shows that it has a two-dimensional
nanosheet structure with abundant defects, which could
enhance its surface area and increase the exposure of active
sites. (Figure 2a-b and Figure S7). This transformation can
be attributed to the strong reducing ability of the CO,
reduction reaction, which leads to the escape of Br atoms
and the subsequent reconstruction of the structure. Com-
pared to the XRD pattern of the BBS before ECO,RR
(Figure S1), the XRD pattern after ECO,RR shows the
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disappearance of the Bi;¢Br;S,; phase and the emergence of
characteristic peaks of Bi beyond the carbon paper back-
ground (Figure 2c). The three peaks marked with stars in
the XRD pattern corresponds to the peaks of the carbon
paper, and the XRD pattern of the blank carbon paper is
shown in the supporting file (Figure S8). The partial
retention of S element in the reconstructed BBS-after, as
indicated by the EDS elemental mapping (Figure S9),
suggests a potential role of S in stabilizing the catalyst
structure during the reaction.

In situ Raman spectroscopy was employed to analyze
the phase of the reconstructed BBS and accurately deter-
mine the state of Bi without interference from air
exposure.'”) We performed in situ Raman characterization
in a CO,-filled 0.1 M KHCO; electrolyte (Figure 2d). As the
applied potential is scanned from open circuit potential
(OCP) to —1.0V, the characteristic vibrations of BBS
gradually weaken. Meanwhile, two new signals appear at 71
and 97 cm™', corresponding to the E, and A,, stretching
vibrations of Bi-Bi bonds, respectively.””) These bands
illustrate the complete reconstruction of Bi;¢Br;S,; nano-
wires to Bi nanosheets.

The evolution of the coordination environment of the
reconstructed BBS catalyst under ECO,RR conditions was
studied by in situ X-ray absorption spectroscopy (XAS)."
The Bi Lj;-edge X-ray absorption near edge structure
(XANES) spectra of the BBS catalyst and the same sample
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Figure 2. (a) SEM image, (b) HRTEM image, and (c) XRD pattern of the BBS catalyst after chronoamperometry test. The chronoamperometry test
was as follows: the electrolyte is CO,filled 0.5 M KHCO, potential is —1.3 Vand 5 h. (d) in situ Raman spectra of BBS in CO,-filled 0.1 M KHCO,

electrolyte.
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under ECO,RR condition at different potentials were  absorption edge similar to that of BBS. At —0.95V, the
obtained and compared with Bi foil and Bi,0; as references  absorption edge of the reconstructed BBS is similar to Bi
(Figure 3a). The spectrum of BBS catalyst at OCP shows an  foil, indicating the complete reduction of BBS to metallic Bi.
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Figure 3. Normalized XANES (a), and FT k) (R) EXAFS (b) of Bi L;-edge EXAFS signals for BBS, BBS under 0 V vs. RHE, BBS under —0.95 V vs.
RHE, Bi foil, and Bi,O;. The in situ XAFS tests are conducted in a customized three-electrode cell with CO.,-filled 0.5 M KHCO;. (c) Ex situ S 2s XPS
spectra of original BSS, BBS after chronoamperometry test and etching 5 nm. The chronoamperometry test was as follows: the electrolyte is 1.0 M
KOH, potential is —0.97 Vand 5 h. (d, e) EDS elemental distribution from line-scan of BBS after chronoamperometry test. The inset is HRTEM
imge of BBS nanosheet edge (d) and defect (e). (f) Schematic diagram of the structural evolution from BBS to Bi nanosheets with S-modified edge
defect sites.
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The coordination environment of the catalyst was further
analyzed by Fourier transformation of the extended X-ray
absorption fine-structure (EXAFS) spectra (Figure 3b). The
signals of Bi—S in BBS powder and at OCP are similar.
However, at 0V, the signals of Bi—S are disturbed due to
the detachment of some S units. At the optimal potential for
formate selectivity (—0.95 V), the Bi—Bi coordination signal
is strongly expressed, consistent with the in situ Raman
results, but the Bi—S coordination signal still remains.
Furthermore, the intensity of the Bi—S coordination signal
becomes weaker at —0.95 V, indicating that most S atoms
leave the electrode during the reduction process, while a
small fraction remains in the form of Bi—S bonds on the
electrode surface. The in situ XAS results provide insights
into the coordination environment of the BBS catalyst
during ECO,RR and the changes in the catalyst structure.

Ex situ XPS was performed on the BBS catalyst
(Figure S10) to confirm its phase composition further. The
S 2s spectra (Figure 3c) show that the S element does exist
in BBS after the reaction. Ar* etching was performed, and
the S signal was found to be absent after 5 nm, indicating
that the S content is low and mainly present on the surface
of the catalyst. Taking into account the potential degrada-
tion of S in alkaline solutions, we collected S 2s XPS spectra
of BBS after conducting a chronoamperometry test in 0.5 M
KHCO;. Figure S11 illustrates that the remaining quantity
of S did not vary between neutral and alkaline solutions,
indicating that the S component in BBS is not subject to
deterioration in an alkaline electrolyte solution. Moreover,
the Bi 4f XPS spetra of BBS after ECO,RR treatment
shows a positive valence state due to partial oxidation of Bi
sites and binding to S (Figure S12). After etching, Bi’ was
observed because S units mainly exist on the catalyst's
surface. The Br 3d spectra (Figure S13) show Br escapes
completely after the ECO,RR.

To visualize the distribution of S in Bi nanosheets
derived from BBS, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was
used. As shown in Figure 3d, and e, there are numerous
nanopores on the nanosheets, which are formed due to the
escape of Br and S and the rapid reassembly of Bi atoms.
The EDS line scan (Figure 3d) reveals that the S content at
the edges of the nanosheets is higher than that in bulk
regions. In addition, Figure 3e indicates that the S content is
significantly higher around the nanosheet defects. These
results suggest that during the ECO,RR process, some S
atoms escape from the electrode, and the remaining S atoms
are mainly present at the edge region on the catalyst surface.
It is our belief that the reduction and reconstruction process
of BBS nanowires implicated the diffusion and deposition of
Bi atoms/clusters, with the release of H,S and HBr
promoting the formation of defect sites (Figure 3f). Addi-
tionally, the residual S component exhibited a tendency to
remain at the edge.

In situ attenuated total reflection surface-enhanced
infrared adsorption spectroscopy (ATR-SERIES) is an
effective technique to monitor the evolution of reaction
intermediates.”” We implemented in situ ATR-SERIES in a
0.1 M KHCO; electrolyte with a constant flux of CO, and in
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a potential range of 0.01 V-—1.39 V (Figure S14). As shown
in Figure S15, the two enhancement bands observed at 1339
and 1646 cm ™' were attributed to symmetric and asymmetric
stretching vibrations of the COO radical, respectively. The
wave-number difference between the two bands suggests
that the COO radical is bound to the metal site through a
monodentate configuration.””) The bending vibration of
COO in the plane at 1361 cm™' is the vibration of the
COOH radical."™?! Therefore the conversion to formic acid
via *OCHO intermediate is the reaction path for BBS-
catalyzed CO, reduction, which is also the optimal path for
the formate formation.

Further analysis of the calculated adsorption energy and
reaction pathways using first-principle density functional
theory (DFT) shows that the S atoms at the edge of the Bi
nanosheets play a crucial role in facilitating the CO,
reduction reaction. As displayed in Figure 4a, five possible
catalytic sites were considered, namely, pure Bi, S—Bi (the S
is bonded with three Bi atoms), V-Bi (Bi with defects), S,
V(S)-Bi (the S is bonded with three Bi atoms in defect-
containing Bi), and S, V(Bi)-Bi (the S is bonded to the edge
defects of Bi). On these sites, we calculated the correspond-
ing free energy changes of the 2e” ECO,RR process towards
HCOOH (Figure 4b). The step with the highest energy
increase is the rate-determining step. Figure 4b shows that
the pure Bi site has weak *OCHO adsorption, leading to a
high overpotential of 1.23 V for ECO,RR to HCOOH. On
the other hand, the S—Bi site strongly binds with *OCHO,
resulting in a significantly lower overpotential of 0.23 V. The
presence of Bi vacancy on V-Bi exposed Bi sites further
enhances *OCHO adsorption, leading to a further decrease
in the overpotential to 0.02 V. Compared to the pure Bi, the
S, V(S)-Bi and S, V(Bi)-Bi show better catalytic activity,
with overpotentials of 0.01 and 0.06 V, respectively. Overall,
V-Bi, S, V(S)-Bi, and S, V(Bi)-Bi are the main active sites
for catalyzing CO, into HCOOH.

During electrochemical CO, reduction, HER is a com-
petitive catalytic reaction and CO is another ECO,RR
production, both of which can lower the formate selectivity.
The selectivity towards H, and CO is determined by the
adsorption energies of *H and *COOH, respectively. In
Figure 4c, it is shown that although all V-Bi, S, V(S)-Bi,
and S, V(Bi)-Bi sites have suitable adsorption energy
towards *OCHO, V-Bi has good *COOH adsorption
energy, and S, V(Bi)-Bi shows good selectivity towards *H
and *COOH. Only S, V(S)-Bi inhibits *H and *COOH
adsorption, which is favorable for formate selectivity.

The effect of S modulation on the electronic structure
was investigated through further calculations. The charge
density difference in the inset of Figure 4d shows electron
transfers from neighboring Bi to the S atom, indicating the
electron-withdrawing capacity of S. Figure 4d demonstrates
a strong correlation between Bi p-band center and *OCHO
adsorption energy, indicating the effect of S configuration
on the electronic structure. The number of edge S config-
urations largely affected the density of active S, V(S)-Bi.
Formation energies of V-Bi, S, V(S)-Bi, S, V(Bi)-Bi, and
pure Bi were compared in Figure 4e, and it was found that
the edge double-bonded S species could stabilize the Bi
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atoms. The inset is the charge density difference. The yellow and blue areas denote electronic accumulation and depletion, respectively. (e) The

formation energies of V—Bi, S, V(S)—Bi, and S, V(Bi)—B

vacancy and exhibited a lower formation energy compared
to V=Bi and S, V(Bi)-Bi, making S dopant favorable for
locating at the edge defects of bismuth. Moreover, increas-
ing the edge S configurations further improved the stability
of Bi catalysts (Figure S16) and greatly promoted ECO,RR
activity. In summary, binding S to the edge sites of Bi
selectively inhibits HER while ensuring strong *OCHO
adsorption.

Conclusion

In conclusion, Bi nanosheets with S-modified edge defect
sites are synthesized via electrochemical reconstruction of
Bi,yBr;S,; nanowires. In situ and ex situ characterizations
reveal that the S dopants are mainly located at the edge sites
of the Bi nanosheets, which exhibit strong adsorption ability
to *OCHO intermediates and can inhibit the production of
H, and CO intermediates during ECO,RR. In an alkaline
electrolyte, the resulting edge-sulfur modulated Bi nano-
sheets exhibit high current density (~400 mA cm?) and FE
of HCOO™ (>90%) and very low FE of H, (<5%) over a
wide potential range. This work highlights the importance of
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precise coordination structure adjustment for the develop-
ment of highly efficient ECO,RR electrocatalysts.
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The Bi nanosheets with the edge defect
sites coordinated with S via electro-
chemical reconstruction of BiygBr;S,,
nanowires (BBS), and the edge-sulfur
modulated Bi catalyst demonstrates en-
hanced formate production and sup-
pressed hydrogen evolution. In an alka-
line electrolyte, the edge-sulfur
modulated Bi nanosheets exhibit high
current density (~400 mAcm™?) and FE
of HCOO™ (>90%) and very low FE of
H, (<5%) over a wide potential range.
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