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A defective bismuth—indium catalyst promotes
water dissociation for selective carbon dioxide
electroreduction to HCOOH+

Jieshu Zhou,? Liming Li,> Hangxing Ren,” Haibin Wang, (2@ Yong Li,®
Kangning Liu,® Liang Huang,® Xinyao Yang,® Zhen Hao,” Yuguang Zhang,”
Zhichao Wang,® Xi Wang,® Jian Ding,® Yuping Ji,€ Li Wang® and Hongyan Liang (=) *?

Electroreduction of CO, to formic acid (HCOOH) is promising for CO, utilization but remains a substantial
challenge due to the lack of high-efficiency electrocatalysts. Herein, the defective Biln bimetallic catalyst
derived from a P-doped Biln pre-catalyst is developed, which enables CO, conversion to HCOOH with
high activity and selectivity. Mechanistic investigations demonstrate that: (i) the interaction between Bi and
In orbitals optimizes the adsorption strength of the key intermediate *OCHO; and (ii) the P leakage could
induce the generation of defective Biln during the self-reconstruction process, which strengthens *OH
adsorption, resulting in an accelerated water dissociation and promoted CO, reduction. The defective
Biln@P catalyst exhibits a 97.3% faradaic efficiency at a current density of 500 mA cm™2 in alkaline electro-
lytes. This work deepens our understanding of the CO, reduction mechanism on a Biln-based catalyst,

rsc.li/frontiers-inorganic

Introduction

The electrocatalytic carbon dioxide reduction reaction (CO,RR)
provides a clean and sustainable strategy for converting renew-
able electricity to fuels and chemicals."”> The multi-electron
transfer process during the CO,RR results in multiple possible
products simultaneously, including multicarbon (C,,) pro-
ducts (e.g., C,H, and C,CH;0H) and monocarbon (C,) pro-
ducts (e.g;, CO and HCOOH).>* Even though compared with
the C; products, the C,. products exhibit higher commercial
value, their faradaic efficiency (FE) is inferior to that of C; pro-
ducts (>95%). Formic acid, a main C; product of the CO,RR, is
a high-energy-density molecule, which could be used in
various industrial applications.®® As a stable liquid product,
HCOOH is more favourable for purification, storage and trans-
portation. Thus, techno-economic analysis suggests that the
high production rate and good industrial adaptability of
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guiding in the design of advanced CO,R catalysts.

HCOOH make its synthesis economically viable.” However,
achieving high HCOOH conversion from CO, at industrial
current densities remains a significant challenge."’

Over the past decades, a lot of electrocatalysts have been
explored for HCOOH production.'” P-block metals, such as
bismuth (Bi), indium (In), tin (Sn), and lead (Pb), have been
widely recognized as efficient catalysts for selective HCOOH
generation."> Among them, Bi has attracted more attention
due to its decent performance, low toxicity and high Earth
abundance.'® However, there is still a lot of room to improve
the activity and selectivity of Bi-based catalysts because the
weak binding energy of the key intermediate *OCHO limits
their catalytic performance.’®'® Introducing another metallic
element with a strong binding energy of *OCHO (e.g., In and
Sn) is an effective approach to modify the electronic construc-
tion of Bi, resulting in optimized binding energy of
*OCHO."" For example, Biln binary-component catalysts
have been reported to enhance the activity and selectivity for
HCOOH production, but achieving high FE over a large current
density (>500 mA cm ™) remains a significant challenge."

In addition, water serves as a proton source for the CO,RR
in an alkaline electrolyte; thus the sluggish H,O dissociation
might hinder the total reaction rate."®'® Recent reports have
demonstrated that improving *OH adsorption could accelerate
water dissociation, which is beneficial for HCOOH
formation.’?° Moreover, the metal defects on Bi-based cata-
lyst surfaces caused enhanced adsorption of *OH, resulting in
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promoted CO,RR to HCOOH.'? Utilization of metallic defects
to strengthen the *OH adsorption and accelerate H,O dis-
sociation could be an efficient strategy for boosted CO,RR to
HCOOH, but it has not been investigated sufficiently. From
this perspective, constructing defective catalysts for promoted
water dissociation and HCOOH production, and understand-
ing the mechanism are highly desirable.

Herein, starting from Biln catalysts, we investigated the
effect of defective surfaces on promoting HCOOH production.
Phosphorus (P) was doped in a Biln pre-catalyst as a sacrificial
reagent for constructing a defective surface. During the spon-
taneous self-reconstruction in the catalyst activation process, P
leaks into the electrolyte, leading to a defective Biln structure.
In situ Raman spectroscopy combined with isotopic labelling
experiments demonstrated that the defective sites can
strengthen *OH adsorption and promote H,O dissociation,
thereby accelerating the kinetics of the CO,RR. Density func-
tional theory (DFT) calculations revealed the crucial role of
defective Biln dual-metal sites in water dissociation and
CO,RR kinetics, which agreed with the experimental con-
clusions. As a result, the optimized catalyst achieves a
FEucoon of 97.3% at a current density of 500 mA cm™? with a
production rate of 9483 pmol h™' em™2.

Results and discussion
Preparation and characterization of Biln-P pre-catalysts

To obtain defective Biln@P catalysts, Biln-P pre-catalysts were
synthesized firstly via a solvothermal reduction (Fig. 1a and
Fig. S1}). For comparison, Bi-P, In-P and Biln pre-catalysts
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were synthesized as control samples (Fig. S21). The X-ray diffr-
action (XRD) patterns in Fig. 1b and S37 reveal that the Biln-P
pre-catalyst is poorly crystalline. However, significant diffrac-
tion peaks corresponding to the metallic Bi (PDF# 44-1246)
were observed in the XRD patterns of Biln and Bi-P control
pre-catalysts. X-ray photoelectron spectroscopy (XPS) character-
ization was carried out for elemental composition analysis.
The survey spectrum in Fig. S4f demonstrates the co-existence
of Bi, In and P elements in the Biln-P pre-catalyst. The high-
resolution XPS of Bi 4f (164.4/159.2 eV), In 3d (452.5/445.1 eV),
and P 2p (134.8/133.9 eV) in Fig. 1c-e further indicated that Bi,
In, and P species are the components of the Biln-P pre-
catalyst.>' >3

CO, electroreduction performance

The CO,RR performance of Biln-P and the control samples
were evaluated in a 1.0 M KOH electrolyte with a flow-cell
system (Fig. 2a). Biln-P showed the highest current density
under the same potential compared to control samples in
linear sweep voltammetry (LSV) curves (Fig. S51). For all cata-
lysts, only H, and CO were observed in the gaseous product,
while HCOO™ is the only detected liquid product (Fig. S6 and
S77). The amount of other products is too low to be detected
under our experimental conditions. Furthermore, Biln-P
exhibited over 95% FEycoon in a wide range of current den-
sities, which reached up to 97.3% at a current density of
500 mA cm > (Fig. 2b). Moreover, Biln-P achieved a partial
current density of HCOOH up to 486 mA cm™? at a potential of
—0.92 V vs. reversible hydrogen electrode (RHE, unless other-
wise specified), which is higher than that of control samples
(Fig. 2¢). Therefore, the production rate of HCOOH over Biln-P
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Fig. 1 (a) lllustration of the synthetic process and electrochemical reconstruction of the Biln-P pre-catalyst. (b) XRD patterns of various pre-cata-
lysts. High-resolution XPS spectra of (c) Bi 4f, (d) In 3d, and (e) P 2p in the Biln-P pre-catalyst.
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Fig. 2 (a) Schematic diagram of CO, reduction in a flow-cell. (b) Comparison of the FE,coon of In—P, Biln, Bi-P, and Biln-P at various current den-
sities. (c) Partial current densities of HCOOH for In—P, Biln, Bi—P, and Biln-P at different potentials. (d) Comparison of the performance with those of
other reported catalysts. () Nyquist plots of the catalysts in 1.0 M KOH at —0.8 V vs. Ag/AgCL. (f) Partial current densities of HCOOH for catalysts nor-

malized by the Cgy,.

can reach 9483 pmol h™' em™ at —0.92 V (Fig. S81). Biln-P out-
performed the reported catalysts in terms of the current
density and FEycoon (Fig. 2d and Table S17).

We then evaluated the stability of Biln-P in a membrane
electrode assembly (MEA) electrolyser using 0.1 M KHCO; as
the electrolyte (Fig. S91). Biln-P exhibited an initial FEgcoon
exceeding 92% and the FEycoon remained over 80% for
17 hours (Fig. S107). Fig. 2e shows that the Nyquist plot of
Biln-P displays the smallest diameter of the semicircle, indicat-
ing the lowest R value, which is favorable for charge transfer
during CO, electroreduction.>® To better evaluate the intrinsic
selectivity and activity of Biln-P, we measured the electroche-
mically active surface area (ECSA) using the double-layer
capacitance (Cq;). The value of C4 was determined through
cyclic voltammetry (CV) at different rates (Fig. S117). To elimin-
ate the possibility that the improved activity may be ascribed
to the increase of the catalyst’s surface area, we normalized the
partial current density of HCOOH by the ESCA. Biln-P showed
the highest partial current density compared to control
samples under the same potential (Fig. 2f). Therefore, Biln-P

This journal is © the Partner Organisations 2024

exhibited better intrinsic CO, electroreduction activity than
the control samples.

Characterization of the catalyst after the reaction and
mechanistic understanding

To investigate the Biln-P pre-catalyst’s evolution and gain
mechanistic understanding, we conducted a series of in situ
electrochemical spectroscopy studies and subsequent CO,RR
characterization of Biln-P. The XRD pattern of Biln-P after the
CO,RR demonstrated the existence of the BizIns phase, with
two typical peaks located at 31.5° and 33.1°, which are indexed
to the (213) and (310) planes (Fig. 3a). Meanwhile, the XRD
peaks of Bi-P, In-P, and Biln after the reaction are indexed to
Bi, In, BizIns; and Biln, respectively (Fig. S121). The trans-
mission electron microscopy (TEM) image and energy disper-
sive spectrum (EDS) demonstrated the uniform distribution of
Bi and In elements with an atomic ratio of ~1:1.49
(Fig. S137). To further investigate the effects of introducing P
on the structural reconstruction of BiIn-P pre-catalysts, we con-
ducted XPS and electron spin resonance (EPR) measurements.

Inorg. Chem. Front,, 2024, 11,1703-1709 | 1705
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Fig. 3 (a) XRD pattern of Biln-P after the reaction. (b) EPR spectra of Biln-P and Biln after the reaction. In situ Raman spectra of (c) defective Biln@P
and (d) Biln collected in a CO,-flowed 0.1 M KHCO3 electrolyte at different potentials vs. RHE. (e) The production rates of HCOOH in H,O and D,O

at —0.88 V. (f) The KIE values of different catalysts.

A strong peak located at ~2.2 (g value) appeared (Fig. 3b), indi-
cating the generation of a large number of metal defects
during the reaction.>® Moreover, the signal of P in XPS dis-
appeared (Fig. S14%), revealing that P leaked from the Biln-P
pre-catalyst under the reduction potential, which is expected to
be the reason for the generation of defective Biln@P catalysts.
We then tracked the *OH adsorption using electrochemical
spectroscopy techniques. The in situ Raman spectra in Fig. 3¢
and d show the signals of *OH and *CO;>~ at ~730 and
~1006 cm™ ", respectively.”®*” It is noted that, compared with
the Biln pre-catalyst derived sample, the Raman peak of *OH
on the BiIn-P derived sample appeared at a lower potential
with a higher intensity, indicating that the defective surface
can promote *OH adsorption. *OH adsorption over defective
Biln@P and Biln was further investigated through conducting
LSV in Ar-saturated 1.0 M KOH solutions.”® As can be seen
from Fig. S15, defective Biln@P exhibits a stronger peak com-
pared to Biln, which implies that the introduction of defects
strengthens the *OH adsorption.”® Subsequently, kinetic isoto-
pic effect (KIE) experiments were conducted by comparing the
reaction rates in electrolytes with H,O and D,O to study the

1706 | /Inorg. Chem. Front., 2024, 11, 1703-1709

effects of water dissociation and proton transfer in the CO,RR
(Fig. 3e and f).>° A higher KIE value reveals a stronger impact
of water dissociation on the CO,RR.>® The KIE value of Biln
was 2.62, suggesting that the reaction rate of the CO,RR is
limited by water dissociation (Fig. 3f). With the introduction
of defects, the KIE value of defective Biln@P decreased to 2.20,
indicating that the generation of defects can promote water
dissociation and subsequently enhance the CO,RR rate
(Fig. 3f).>%?°

DFT calculations

To further understand the fundamental mechanism of the
high HCOOH selectivity on defective Biln@P catalysts, the
effects of Biln dual-metal sites and defects on the catalysts
were investigated by DFT. As shown in Fig. 4a, the Bi-Bi dual-
metal site exhibits weak adsorption of *XOCHO, while the In-In
dual-metal site shows strong adsorption of *OCHO. The Bi-In
dual-metal site exhibits moderate adsorption of *OCHO,
which is favourable for HCOOH generation (Fig. 4a and
Fig. S16%).

This journal is © the Partner Organisations 2024
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(a) Formation energy of HCOOH on Bi, In, and Bizlns surfaces without applying any external potential (U = 0 eV). (b) Reaction energy for H,O

adsorption and dissociation on Biln@P and defective Biln@P surfaces. (c) The transition barrier investigation for H,O dissociation on Biln@P and
defective Biln@P. (d) The reaction energy for H,O dissociation and free energy of Auon_w. the adsorption energy of *OH and the adsorption energy

of *H,0 for Biln@P and defective Biln@P.

Subsequently, we investigate the effects of defects on H,O
dissociation (Fig. S177), which is crucial for the overall reac-
tion rates of the CO,RR. Fig. 4b and c illustrate that the energy
barrier for H,O dissociation on the defective Biln@P surface is
0.66 eV, which is smaller than that on the Biln@P surface
(1.01 eV). In order to figure out the relationship between
defects and promote the water dissociation effect, the chemi-
cal potential difference between *H,O and *OH (denoted as
Apion—w) was obtained (Fig. 4d). This indicator has recently
been used to reflect the water dissociation ability.*® Fig. 4d
shows that the adsorption energy of *OH significantly
decreases on the defective sites, while the change in the
adsorption energy of water is limited. Thereby, the reduced
Apon-w predominantly originates from the strengthened *OH
adsorption, which leads to the decrease of Auoy_y and easier
CO, protonation.

Conclusions

In summary, we developed a P-doped Biln pre-catalyst derived
defective Biln bimetallic catalyst for HCOOH generation. In
situ Raman combined with isotopic labelling shows that the
introduction of high-defect sites can promote *OH adsorption
and H,O dissociation, thereby accelerating the kinetics of the
CO,RR. DFT calculations revealed the crucial role of Biln dual-
metal sites and defects in promoting CO,RR kinetics: the Bi-
In interaction optimized the *OCHO adsorption, while the
introduction of defects expedited the water dissociation kine-
tics through strengthened *OH adsorption. As a result, the
optimized catalyst achieves a FEycoon Of 97.3% at a current

This journal is © the Partner Organisations 2024

density of 500 mA cm™2, This work highlights the importance
of water dissociation during the CO,RR, and opens a new strat-
egy for designing advanced CO,R catalysts.
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