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a b s t r a c t

Electrocatalytic CO2 reduction to formate using renewable energy offers a promising route for sustain-

able chemical production and carbon utilization. Bismuth-based catalysts stand out for their excep-

tional selectivity towards formate, combining intrinsic advantages with practical viability. This review

critically examines recent advances in strategically tailoring bismuth-based catalysts for selective CO2-

to-formate conversion. Moving beyond conventional material classifications, we emphasize mechanistic

understanding of the reaction pathways and active sites governing formate generation. Crucially, we

dissect the synthesis strategies enabling precise control over catalyst properties—ranging from metallic

bismuth nanostructures and single atoms to tailored compounds, heterostructures, and alloys—and link

these design principles to performance optimization. In addition, we incorporate operando characteriza-

tion and computational insights within catalyst-specific case studies to examine selected dynamic reac-

tion mechanisms and key enhancement mechanisms under operational conditions. Finally, we outline

forward-looking research trajectories, addressing critical challenges like achieving industrially relevant

performance and stability, and proposing innovative pathways focused on advanced catalyst architectures,

microenvironment engineering, and predictive frameworks for scalable implementation.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The relentless consumption of fossil fuels has escalated atmo-

spheric CO2 concentrations, exacerbating climate crises ranging

from intensified heatwaves to ecological imbalances [1–6]. This

environmental emergency coincides with a looming energy secu-

rity threat as conventional hydrocarbon reserves dwindle, demand-

ing urgent development of technologies that reconcile carbon mit-

igation with sustainable energy storage. The conversion of CO2

has emerged as a promising solution, capable of converting CO2

into value-added chemicals [7–10]. However, the CO2 inherent sta-

bility as its strong C=O bonds [11,12], poses formidable activa-

tion challenges, necessitating substantial energy input to overcome

the reaction barriers. Electrocatalytic CO2 reduction (CO2RR) has

emerged as the preeminent pathway for CO2 valorization [13–21],
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demonstrating compelling advantages over thermochemical and

photochemical alternatives [22–28]. Unlike energy-intensive ther-

mochemical processes or photon-efficiency-limited photocatalytic

systems, CO2RR operates under mild conditions while achieving

high product selectivity and tunable energy input. A key tech-

nological advantage is its inherent compatibility with membrane

electrode assembly (MEA) configurations, enabling direct inte-

gration with intermittent renewable electricity sources for en-

hanced system efficiency and carbon utilization. Critically, recent

breakthroughs in solid electrolyte engineering have facilitated sus-

tained operation at industrially relevant current densities (e.g.,

>200mA/cm2), positioning electrocatalysis as a uniquely viable

technology currently meeting the critical technical and economic

feasibility thresholds for scalable CO2 conversion.

Among CO2RR products, formate stands out as the optimal tar-

get due to its unique combination of thermodynamic accessibility

and industrial relevance. Its direct 2-electron reduction pathway

bypasses kinetic limitations inherent to multi-electron processes,

effectively suppressing competing hydrogen evolution reaction

(HER) and requiring minimal overpotentials [29–32]. Beyond these
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fundamental advantages, formate serves as a versatile platform

chemical with expanding commercial utility in hydrogen storage

platforms, pharmaceutical precursors, and sustainable fertilizers

[33–35]. For realizing this formate-centric pathway, bismuth-based

catalysts represent the leading electrocatalytic solution, distin-

guished by near-exclusive selectivity, environmental compatibility,

and cost-effectiveness [36–38]. These merits collectively position

Bi materials as prime candidates for industrial deployment. While

recent breakthroughs have achieved industrial current densities

(>200mA/cm2) with >95% Faradaic efficiency for formate, crit-

ical challenges persist in operational stability, energy efficiency,

and carbon utilization at low overpotentials—metrics essential

for commercial deployment. Overcoming these barriers neces-

sitates deliberate catalyst engineering strategies encompassing

morphology control (e.g., nanoflowers [39,40], nanorods [41,42],

nanosheets [43,44]) and electronic structure modulation. Recent

operando investigations reveal that dynamic reconstruction forms

stabilized Bi-O-C interfacial structures, imparting exceptional oper-

ational durability. Advances in this domain have yielded bismuth

catalysts (Bi0.6Cu0.4 NSs) demonstrating stable operation exceeding

260mA/cm2 for 400 h—significantly surpassing conventional metal

catalysts (e.g., Sn, Cu)—in both activity and stability metrics [45].

Accelerating these high-performance Bi electrocatalyst systems is

pivotal for advancing scalable CO2 conversion technologies that

address energy sustainability and climate mitigation, furthering

low-carbon circularity imperatives.

Recent reviews have advanced understanding of Bi-based cat-

alysts through material classification [46], mechanistic operando

studies [47], and multi-metal comparisons [48]. However, these

works insufficiently bridge atomic-scale catalyst design, dynamic

interfacial behavior, and industrial system integration for sus-

tainable CO2RR-to-formate conversion. Here, we provide a fo-

cused and comprehensive analysis of Bi-specific architectures—

spanning metallic bismuth nanostructures, atomically dispersed

configurations, engineered compounds, interfacial heterostructures,

and rationally designed alloys. Integrating operando characteriza-

tion techniques with computational modeling, we elucidate how

atomic-scale motifs dictate reaction intermediate stabilization and

selectivity pathways. Importantly, it also examines dynamic cata-

lyst reconstruction during operation, resolving unprecedented in-

sights into their true active states and stability. Systematic anal-

ysis of synthesis-modulation effects establishes design principles

linking multi-scale features (morphology, coordination, doping)

to activity-stability tradeoffs. By integrating experimental insights

with theoretical modeling, this review proposes a design frame-

work to advance next-generation electrocatalysts, offering method-

ological guidance for sustainable carbon-neutral technologies.

2. Reaction mechanism governing CO2RR-to-formate

conversion

The rational design of efficient electrocatalysts for CO2RR

requires a comprehensive understanding of both thermodynamic

limitations and kinetic barriers inherent to this complex process.

A critical obstacle arises from the thermodynamic proximity

between CO2 reduction potentials and HER (Fig. 1) [49,50]. The

equilibrium potential for formate production is positioned merely

120mV above HER. This narrow potential window inherently

complicates selectivity control, exacerbated by the high stability

of CO2 molecules (C=O bond energy: 750kJ/mol), which im-

poses substantial activation barriers necessitating overpotentials

[51]. The reaction pathway diversity further intensifies these

challenges: 2-Electron transfer produces formate via ∗OCHO in-

termediate stabilization [52,53], while 6- to 18-electron processes

yield methanol [54], CO [55], and C2+ products such as ethylene

[56] and ethanol [57]. Thermodynamic analysis alone remains

Fig. 1. CO2RR-to-products and corresponding thermodynamic equilibrium poten-

tials. Reproduced with permission [49]. Copyright 2022, Wiley-VCH GmbH.

Fig. 2. (a) Reaction pathways of CO2RR to CO and HCOOH/HCOO− . Reproduced with

permission [51]. Copyright 2021, Elsevier Ltd. (b) Proposed calculated free energy

profiles for CO2 reduction pathways on bismuth catalysts, demonstrating thermo-

dynamic preference for formate production.

insufficient for predicting practical outcomes, as kinetic factors,

particularly the adsorption energetics of intermediates like ∗COOH
and ∗OCHO, govern pathway bifurcations. The linear geometry of

CO2 and high C=O bond cleavage energy demand catalysts that

stabilize transition states while suppressing HER through precise

proton-electron transfer modulation.

The electrocatalytic reduction of CO2 to formate proceeds

through a proton-coupled two-electron transfer mechanism ini-

tiated by CO2 adsorption at catalytic active sites. The electro-

catalytic pathway involves four concerted steps: CO2 adsorption

on active sites, electron transfer to form ∗CO2
−

radical anions,

proton-coupled hydrogenation to ∗OCHO intermediates and prod-

uct desorption [58]. Upon electron injection, the adsorbed CO2

forms a bent ∗CO2
−

radical anion, whose subsequent protonation

pathway is governed by the surface adsorption strength (Fig. 2a).

Strong ∗CO2
−

binding favors oxygen-bound protonation, generat-

ing ∗COOH intermediates that desorb as CO, while weak adsorp-

tion promotes carbon-bound protonation to form ∗OCHO interme-

diates and achieve the direct precursor for formate production [51].

This selectivity-determining step arises from the catalyst’s ability
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to modulate charge distribution at the ∗CO2
−

interface, where Bi-

based materials exhibit unique electronic stabilization of ∗OCHO
through p-orbital hybridization (Fig. 2b). The Bi 6p orbitals engage

in directional electron donation with the oxygen atoms of ∗OCHO,
lowering the intermediate’s formation energy compared to ∗COOH
pathways. Concurrently, the weak hydrogen adsorption energy of

Bi intrinsically elevates HER overpotentials, kinetically suppressing

competitive proton reduction. The reaction concludes with formate

desorption, facilitated by the moderate binding strength of ∗OCHO
to Bi surfaces, which balances intermediate stabilization and prod-

uct release. Recent studies reveal divergent active phases for Bi-

based catalysts—metallic Bi vs. hydroxylated Bi2O2CO3—depending

on electrochemical conditions. Metallic Bi dominates under mod-

erate cathodic potentials (e.g., −0.8 to −1.0V vs. RHE), where its

p-orbital hybridization stabilizes ∗OCHO intermediates [59]. Con-

versely, in near-neutral electrolytes or lower potentials (<−0.7V),

in situ formation of hydroxyl–rich Bi2O2CO3 enhances water dis-

sociation, facilitating ∗OCHO hydrogenation [60]. This duality un-

derscores the importance of operando characterization to resolve

active sites under working conditions.

3. Structural engineering strategies for bi-based electrocatalysts

As a group VA element with a distinctive covalent bonding

configuration and natural abundance in compound forms, Bi has

emerged as a cost-effective, eco-friendly, and high-performance

candidate for electrocatalytic CO2RR. Its intrinsic merits, including

moderate ∗CO2 adsorption energy, selective suppression of HER,

and unique p-orbital electronic structure, position Bi-based mate-

rials as ideal catalysts for formic acid generation [61]. Recent stud-

ies demonstrate Bi-based catalysts deliver high Faradaic efficiency

(FE) for formate in aqueous electrolytes with exceptional stabil-

ity over broad potential ranges, stimulating significant research

interest [36,62]. Subsequent advances in bismuth-based electro-

catalysis have converged on three synergistic design principles:

material diversification (atomic-scale configurations to alloy sys-

tems), nanostructural engineering (electrochemically reconstructed

architectures), and mechanistic interrogation (operando spectro-

scopic tracking of ∗OCHO intermediates). Collectively, these strate-

gies achieve >90% formate selectivity at industrially relevant cur-

rent densities while correlating the electronic states with product

distribution.

3.1. Metallic Bi structures

The exploration of Bi-based catalysts for electrocatalytic CO2 re-

duction to formic acid/formate has evolved significantly since foun-

dational efforts by Komatsu and collaborators [36]. Early studies

focused on synthesizing Bi nanomaterials with diverse morpholo-

gies, including nanoparticles [63–66], nanotubes [29,67], nanoflow-

ers [68,69], nanodendrites [70,71] and nanosheets [72–75]. These

nanostructures introduce catalytically active defects such as edges,

steps and corners [76], which synergistically enhance CO2 ad-

sorption and reduce energy barriers for stabilizing the ∗OCHO in-

termediate, thereby optimizing formate production efficiency. For

instance, thermal decomposition under inert atmospheres yields

defect-rich Bi nanoparticles (Bi-DC, Fig. 3a) with carbon modified

interfaces [77]. The formate Faradaic efficiency (FEformate) was as

high as 95.7% at −1.06V vs. RHE (Fig. 3b). It also exhibited robust

CO2 adsorption and hydrophobicity, ensuring stable operation for

120h at 0.4 A/cm2 in membrane electrode assemblies. The rod-

shaped Bi-based metal organic frameworks (Bi-HHTP) were pro-

duced by solvothermal synthesis (Fig. 3c). Its microporous frame-

work incorporates unidirectional channels (16% porosity) with

Bi3+ions adopting distorted tetrahedral and square-pyramidal co-

ordination geometries. This material has been able to achieve high

purity formic acid production at dilute CO2 concentrations (Fig.

3d) [78]. In addition, the synthesis of Bi nanodendritic crystals can

also be rapidly achieved using a galvanic-cell deposition method

at room temperature (Figs. 3e and f), in which the exposed low-

angle grain boundaries significantly improve the electronic struc-

ture of the catalysts. Product analysis confirms >92.0% FEformate

across broad potentials in flow cells, peaking at 96.7 % (Fig. 3g)

[79].

Indirect conversion strategies, particularly in situ electro-

chemical reconstruction, offer versatile pathways for synthesiz-

ing high-performance Bi catalysts. For instance, chemical inter-

face constrained reduction of BiOBr nanosheets produces porous

Bi nanosheets (Fig. 4a) [80], doubling the electrochemical active

surface area compared to conventional Bi powders, while signif-

icantly lowering the energy barrier for HCOO∗ intermediate for-

mation (Fig. 4b), achieving a FEformate of 95.2 %. Similarly, hollow

fiber Bi catalysts were fabricated via reverse spinning/sintering and

electroreduction (Fig. 4c), feature a stable framework with con-

tracted Bi-Bi bonds [81]. The Bi (012) facet exhibits �G values

of 0.09 and 0.05 eV for ∗OCHO intermediate formation with ideal

and contracted Bi-Bi bonds, respectively (Fig. 4d). This reduced ac-

tivation barrier confirms that contracted Bi-Bi bonding facilitates

the CO2RR-to-formate on Bi HF electrode. Another approach in-

volves reconstructing Bi@Bi2O3 nanodendrites into Bi nanoflowers

(Bi-NFs) through chemical/electrochemical reduction (Fig. 4e) [82].

The Bi-NFs catalyst achieves a peak FEformate of 92.3 % at −0.9V

vs. RHE while maintaining >90% efficiency across −0.8 to −1.0V

(Fig. 4f). This high selectivity is attributed to in situ reconstruction-

derived Bi@Bi2O3-NDs, which generate abundant catalytically ac-

tive Bi0 centers.

Optimizing electrical conductivity and active site architecture in

metallic Bi electrocatalysts represents a critical research frontier.

Future investigations should prioritize crystallographic engineer-

ing of bismuth nanostructures to regulate charge transfer kinetics

and intermediate adsorption configurations, particularly through

facet-controlled synthesis and lattice strain modulation. Hierarchi-

cal porosity engineering and in situ reconstruction protocols are es-

sential design strategies for achieving industrial current densities

while maintaining high formate selectivity. Concurrently, atomic-

resolution in situ techniques—including synchrotron-based X-ray

diffraction and electrochemical scanning tunneling microscopy—

should elucidate potential-dependent reconstruction mechanisms

of metallic Bi under operating conditions. These fundamental in-

vestigations into structure-property correlations will establish de-

sign principles for next-generation Bi catalysts at industrial current

densities.

3.2. Bi single atoms

Single-atom catalysts (SACs), characterized by isolated metal

atoms anchored on support matrices [83–85], have emerged as a

frontier in electrocatalytic CO2 reduction since the initial validation

in 2011 [86]. The unique configuration of SACs maximizes atomic

utilization efficiency while creating well-defined active sites, offer-

ing exceptional opportunities for tailoring reaction pathways [87].

Bi SACs exhibit tunable product selectivity for CO2 reduction—

directed toward formate or CO—depending on their coordination

environment [88,89]. Strategic engineering of carbon-coordinated

and oxide-supported Bi sites could stabilize ∗OCHO intermediates

for formate production.

Notable advances include the integration of Bi single atoms into

SnO2 matrices to generate oxygen vacancies (Fig. 5a) [90], which

effectively stabilize HCOO∗ intermediates and sustain high FEformate

under industrial-level current densities of 300mA/cm2 (Fig. 5b).

Parallel enhancements emerge in Bi intercalated BiOBr nanosheets

(Bi/BiOBr-D) [91], where atomic Bi incorporation strengthens
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Fig. 3. (a) Schematic illustration showing the synthesis of Bi-DC catalyst for CO2RR-to-formate. (b) FEformate of Bi-DC, Bi2O3 NS, and commercial Bi catalysts at various

potentials. Reproduced with permission [77]. Copyright 2024, American Chemical Society. (c) Atomic structure of Bi-HHTP. (d) FEformic acid and current densities under different

cell voltages in high-purity and diluted CO2 atmospheres. Reproduced with permission [78]. Copyright 2024, American Chemical Society. (e) Galvanic-cell deposition process

for GC-D/Bi. (f) corresponding TEM image. (g) FEs for the products of GC-D/Bi at various potentials. Reproduced with permission [79]. Copyright 2022, Wiley-VCH GmbH.

HCOO∗ interaction (Fig. 5c) through optimized p-band center

alignment and enhanced orbital coupling (Fig. 5d). This electronic

synergy yields exceptional current density (jHCOOH =815mA/cm2)

and productivity (15.22mmol h−1 cm−2), surpassing conven-

tional bismuth-based electrocatalysts. Moreover, complementary

mechanistic understanding emerges from in situ X-ray absorption

spectroscopy (XAS) studies of Bi atoms adsorbed on Pd nanopar-

ticles [92]. These reveal oxygen-containing species adsorption on

Bi sites and direct participation in CO2RR through HC(O∗-Bi)2
intermediate formation via Bi-O coordination (Figs. 5e and f).

This unique interaction reduces the intermediate energy bar-

rier, enabling a threefold increase in local formate concentration

(1.6mmol/L to 4.6mmol/L) at −0.15V vs. RHE (Fig. 5g). Atomic-

scale evidence confirming bismuth functions as both catalytic

center and electronic modifier resolves persistent controversies

regarding bismuth catalytic mechanisms, thereby establishing

theoretical foundations for rational design of Bi SACs.

Recent structural insights into graphene-supported Bi SACs re-

veal critical structure-selectivity relationships. Advanced character-

ization of Bi SACs anchored on graphene derivatives [93] confirms

atomic dispersion via absent Bi-Bi metallic bonds and characteristic

Bi-C/N coordination (Fig. 5h). Crucially, product selectivity is gov-

erned by the local coordination chemistry, in which C-coordinated

Bi sites preferentially drive formate generation (FEformate>90%),

while N-coordinated counterparts favor CO production, demon-

strating ligand-dependent catalytic switching (Fig. 5i). Another

paradigm involves embedding Bi atoms within nitrogen doped

carbon frameworks [94], which achieved sustained near-unity

Faradaic efficiency with a formate production rate of 16.2mmol L−1

h−1 cm−2 (Fig. 5j). Theoretical analysis reveals that the Bi-N3 co-

ordination modulates reaction thermodynamics by converting the

rate-determining step from endothermic to exothermic, substan-

tially reducing activation barriers for HCOO∗ and subsequent pro-

tonation to HCOOH (Fig. 5k).

Despite these achievements, challenges persist in the rational

design of Bi SACs. Key design principles include stabilizing Bi–

N/C coordination to lower energy barriers and optimizing charge

transfer matrices to accelerate ∗OCHO intermediate formation. Key

knowledge gaps include the exact nature of active sites under

operational conditions, dynamic evolution of intermediates, and

the interplay between support defects and catalytic performance.

Moreover, the relative infancy of SACs technology necessitates fur-

ther exploration into scalable synthesis methods and long-term

stability assessment.

3.3. Bi-based compounds

Pure Bi encounters inherent limitations in direct electrocatalytic

applications owing to oxidative degradation and structural insta-

bility under operational conditions, motivating substantial research
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Fig. 4. (a) Illustration showing the synthetic procedure for porous Bi nanosheets. (b) Free energy profiles for formate formation on Bi (012), ideal Bi (001) and Bi (001) GB.

Reproduced with permission [80]. Copyright 2022, Wiley-VCH GmbH. (c) Schematic for the preparation of Bi HF. (d) Free energy profiles for catalysts with contractive and

normal Bi-Bi bonds. Reproduced with permission [81]. Copyright 2023, Elsevier Ltd. (e) Synthetic process of Bi-NFs on Cu foil. (f) FEs of the products on Bi-NFs at different

potentials. Reproduced with permission [82]. Copyright 2023, Wiley-VCH GmbH.

focus on engineered bismuth-based compounds. These deriva-

tives overcome constraints of metallic bismuth through enhanced

electrochemical durability and improved CO2 activation kinetics,

demonstrating exceptional formate production selectivity. Struc-

tural adaptability across bismuth compounds enables precise tun-

ing of coordination environments and charge distribution. Repre-

sentative systems including Bi2X3 (X=O, S, Se), Bi2O2CO3, and BiOX

(X=Cl, Br, I) demonstrate particular efficacy, establishing Bi-based

materials as versatile platforms for high-efficiency CO2-to-formate

conversion.

3.3.1. Bi-based oxides and chalcogenides (Bi2X3; X=O, S, Se)

As a pivotal component in Bi-based electrocatalysts for CO2 re-

duction, Bi-based oxides and chalcogenides (Bi2X3; X=O, S, Se)

have garnered substantial attention due to its tunable structural

and electronic properties. Strategic structural engineering enables

precise optimization of active site distribution, charge transfer dy-

namics, and intermediate stabilization to enhance the formate pro-

duction efficiency [95]. For example, the structural superiority of

β-Bi2O3 in CO2RR emerges through comparative studies with α-

phase counterparts. The enhanced water activation capability of

coral-like β-Bi2O3 over α-Bi2O3, evidenced by reduced kinetic

isotope effect and intensified -OH vibrational peaks (Figs. 6a–c)

[96], accelerates protonation kinetics through efficient ∗OCHO in-

termediate formation. Complementary structural analyses via in

situ XRD/Raman (Figs. 6d–f) reveal that grain boundary-rich ar-

chitectures effectively stabilize Bi3+ species, maintaining optimal

Bi3+/Bi0 interfaces for sustained catalysis. These structural advan-

tages contribute to exceptional FEformate (>90%) for β-Bi2O3 across

a broad potential window (−0.5 to −1.1V vs. RHE) (Fig. 6g). Prac-

tical implementation in MEA cells achieves a formate production

rate of 12.72mmol h−1 cm−2 at 3.2V cell voltage (Fig. 6h) [97].

The integration of Bi2O3 with carbon matrices represents a par-

ticularly promising approach, leveraging the synergistic effects be-

tween metallic oxides and conductive substrates [98–101]. Three-

dimensional fractal Bi2O3 architectures grown on carbon fiber pa-

per exemplify this strategy (Fig. 7a) [102], where the hierarchical

porosity and edge-enriched β-phase Bi2O3 create abundant cat-

alytically active interfaces (Figs. 7b and c). Such configurations en-

hance CO2 adsorption capacity while facilitating efficient electron

transport through the conductive carbon framework, demonstrat-

ing the dual benefits of morphological control and substrate en-

gineering. Advanced synthesis techniques further expand the de-

sign space for Bi2O3-carbon composites. Laser irradiation of hy-

drothermally derived Bi2O3 on porous carbon substrates creates

Bi2O3@LPC hybrids [103], where the interconnected porous net-

work ensures uniform dispersion of Bi2O3 nanoparticles (Fig. 7d).

Critical to this configuration is the formation of N-O-Bi interfa-

cial bonds through laser-induced nitrogen incorporation, which

substantially enhances interfacial charge transfer kinetics (Figs. 7e

and f). The synergy between optimized Bi2O3 distribution and

accelerated electron transport enables the Bi2O3@LPC system to

achieve FEformate of 96%. Similarly, another strategy involves in

situ growth of Bi2O3 nanosheets on defect-engineered porous car-

bon (Bi2O3/PC, Fig. 7g) [104]. Oxygen-mediated electron transfer

from carbon defects to Bi active sites promotes electron accumu-

lation at catalytic centers, effectively reducing the energy barrier

for ∗OCHO intermediate stabilization. Simultaneously, the three-

dimensional Bi2O3 network architecture enhances CO2 adsorption

capacity while minimizing electron transfer resistance through

continuous conductive pathways (Fig. 7h). This dual optimization

of electronic structure and mass transport properties culminates

in exceptional catalytic performance, attaining FEformate of 99% at

150mA/cm2.
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Fig. 5. (a) Schematic for the preparation of M-SnO2. (b) FEformate comparison. Reproduced with permission [90]. Copyright 2023, American Chemical Society. (c) Electronic

coupling among Bi site and ∗OCHO intermediate. (d) Bi-p band center of Bi/BiOBr-D. Reproduced with permission [91]. Copyright 2025, Elsevier Ltd. (e) EXAFS spectra of

Bi0.2 ML@Pd/C. (f) Atomic configurations of HCOO∗ , HCOO∗-Bi and HC(O∗-Bi)2 on Pd (110) surface, and free energy diagrams. (g) FE of H2 and concentration of HCOO− as

a function of applied potentials. Reproduced with permission [92]. Copyright 2025, American Chemical Society. (h) Fourier transformed k3-weighted EXAFS spectra of Bi-C,

Bi-NC, Bi2O3 and Bi. (i) Schematic of CO2RR on Bi-NC and Bi-C. Reproduced with permission [93]. Copyright 2023, American Chemical Society. (j) Production rates for formate

of different catalysts. (k) Free energy diagrams calculated at a potential of −0.8V. Reproduced with permission [94]. Copyright 2024, Wiley-VCH GmbH.

Elemental doping has emerged as a critical strategy for en-

gineering the electronic properties of Bi2O3-based electrocata-

lysts, drawing inspiration from semiconductor technology to en-

hance charge transport and catalytic activity [105]. This approach

capitalizes on hydrothermal and solvothermal synthesis methods,

which have become foundational techniques for creating doped

Bi2O3 architectures due to their versatility in controlling mate-

rial composition and morphology. A representative example in-

volves vanadium-doped Bi2O3 synthesized through a one-step hy-

drothermal process [106], where V incorporation induces lattice

amorphization while reducing electron density at Bi sites. This

electronic configuration strengthens CO2 adsorption through en-

hanced orbital interactions, achieving FEformate of 94.2 %. Parallel

advancements in sulfur doping demonstrate complementary ben-

efits. Solvothermally prepared S-doped Bi2O3-carbon nanotube hy-

brids (S-Bi2O3-CNT) exhibit modified electronic structures [107],

evidenced by absorption edge shifts. DFT analyses reveal that

sulfur doping restricts electron transfer from Bi to adjacent S/O

atoms, creating delocalized electron clouds around Bi centers. This

electron redistribution facilitates ∗CO2 intermediate stabilization

and enables spontaneous ∗HCOO migration between neighboring

Bi sites, synergistically achieving FEformate of 97.1%. Subsequent

electrochemical analyses confirm enhanced catalytic kinetics in S-

doped systems, manifested through negative-shifted reduction po-

tentials and elevated current densities [108]. The modified surface

chemistry promotes hydroxide adsorption, accelerating ∗H forma-

tion for subsequent CO2 hydrogenation to ∗HCOO intermediates.

These findings collectively establish elemental doping as a multi-

faceted tool for simultaneously optimizing electronic structure, sur-

face reactivity, and reaction pathways in CO2 reduction systems.

Bi2S3 catalysts demonstrate exceptional CO2RR performance

through in situ reconstruction and defect engineering. Wang et

al. revealed that Bi2S3 nanofiber bunches outperform nanoflow-

ers due to larger surface area and faster charge transfer, achieving

96% FE at −0.75V vs. RHE [109]. Ma et al. further demonstrated

that electrochemically reduced Bi2S3 forms S-doped Bi nanoplates,

where residual S (0.3–0.7 wt%) stabilizes the OCHO∗ intermediate

via enhanced p-band upshifting, lowering the free-energy barrier

for formate production (FE >93%) [110]. Advanced in situ char-

acterization confirms that Bi2S3 undergoes topotactic transforma-

6
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Fig. 6. (a) TEM image of β-Bi2O3. (b) H/D Isotope effect of α-Bi2O3 and β-Bi2O3 conducted at −1.0V vs. RHE. (c) In situ Raman spectra of α-Bi2O3 and β-Bi2O3. Reproduced

with permission [96]. Copyright 2023, Elsevier Ltd. (d) HRTEM image β-Bi2O3. (e, f) In situ XRD patterns and in situ Raman spectra during CO2RR. (g) FEformate at different

applied potentials. (h) Formate yield and energy efficiency at different applied potentials. Reproduced with permission [97]. Copyright 2025, Elsevier Ltd.

tion into Bi/Bi2O2CO3 nanocomposites under operational poten-

tials. Metallic Bi nanoparticles serve as active sites, while oxygen

vacancies promote CO2 chemisorption and proton-rich surfaces ac-

celerate ∗OCHO formation [111]. Defect-rich 2D Bi2S3 nanosheets

leverage S dopants to facilitate H2O dissociation, concentrating K+

ions near active sites. This dual effect stabilizes reaction interme-

diates, yielding a FEformate above 90% over a wide potential win-

dow and a high stability over 200h [112]. Jiang et al. designed

S-doped Bi catalysts via Bi2S3 reconstruction, achieving >95% FE

at 2000mA/cm2 in pH-universal electrolytes, with S optimizing p-

orbital delocalization for OCHO∗ stabilization [113]. For Bi2Se3, Cu

doping generates Se vacancies that enhance CO2 adsorption and

modulate electronic structures. The resultant Cu-Bi2Se3 catalyst

achieves 65.31% FE at low overpotentials (−500mV), highlighting

the role of heteroatom integration in tuning intermediate stabiliza-

tion [114]. Collectively, Bi2S3 and Bi2Se3 systems leverage structural

reconstruction, defect engineering, and electronic modulation to ri-

val or even surpass Bi2O3 in formate selectivity and operational

stability.

3.3.2. Bi2O2CO3

Bismuth oxycarbonate (Bi2O2CO3, BOC) has emerged as a model

system owing to its structural abundance of Bi-O bonds and the

isotopic traceability of carbonate moieties, rendering it particularly

suitable for mechanistic investigations in CO2RR. Morphological

control significantly enhances BOC performance, as demonstrated

by ultrathin Bi4Cl2S5 nanowire-derived BOC, which achieves 92.9%

FEformate at 500mV overpotential through high active surface area

and enhanced charge transport via 1D structuring (Fig. 8a) [115].

The petal-like BOC catalysts were synthesized via spontaneous

reactions between Bi films and carbonate solutions [116]. Dur-

ing electrochemical activation, partial reduction generates a hybrid

R-BOC phase containing both Bi2O2CO3 and metallic Bi (Fig. 8b).

The hierarchical architecture exposes multiple catalytically active

facets (edges, terraces) while maintaining structural integrity. DFT

calculations reveal that the superior performance originates from

metallic Bi domains, which stabilize the ∗OCHO intermediate, re-

ducing reaction energy barriers compared to pristine BOC (Figs.

8c and d). This electronic optimization enables R-BOC to achieve

an exceptional FEformate of 95.9 %. Similarly, the ion-exchange syn-

thesis of Bi2O2CO3 from BiOI preserves expanded interlayer spac-

ing (Figs. 8e and f) and weakened [Bi2O2]
2+/I− interactions in

nanosheet-assembled microspheres [117]. This hierarchical archi-

tecture enhances bicarbonate ion diffusion while stabilizing Bi-

O configurations during CO2RR, achieving FEformate of 98%. Such

structural inheritance demonstrates the critical role of interlayer

engineering in optimizing ion transport and catalyst durability.

The oxygen vacancy-enriched BOC materials were synthesized

through defect chemistry strategies [118], providing direct spec-

troscopic evidence for CO2 chemisorption at vacancy sites with

subsequent carbonate formation (Fig. 9a). Their operando analy-

ses further revealed that these oxygen vacancies serve dual func-

tions. The activated H-OH bond cleavage generates adsorbed hy-

droxyl species while optimized electronic interactions stabilize key

reaction intermediates (Fig. 9b). This vacancy-mediated synergy

achieves a FEformate of 94%. Similarly, oxygen vacancy engineer-

ing during reconstruction induces localized electron accumulation

at Bi sites (Figs. 9c–e), creating an electronic microenvironment

that strengthens ∗OCHO adsorption [119]. Elevated oxygen vacancy

concentration in BOC enhances CO2/
∗OCHO adsorption, accelerat-

ing formate formation to achieve exceptional FEformate of 97.5% and

durability for 100h (Figs. 9f–h) [120]. This highlights the potential

of vacancy engineering in promoting CO2RR kinetics through opti-

mized intermediate stabilization.

7
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Fig. 7. (a) Schematic showing preparation process of Bi2O3 fractal films on carbon fiber papers (CFP). (b, c) Cross-section and top-view SEM images of Bi2O3. Reproduced

with permission [102]. Copyright 2020, Wiley-VCH GmbH. (d) HAADF-STEM image of Bi2O3@13–20 LPC. (e, f) Charge difference distribution and planar averaged electron

density difference �ρ(z) of Bi2O3-NC4/C and Bi2O3-NC4/C (N-O) catalysts. Reproduced with permission [103]. Copyright 2024, Elsevier Ltd. (g) Schematic for the synthesis of

Bi2O3/PC. (h) Free energy diagrams for CO2RR-to-formate. Reproduced with permission [104]. Copyright 2025, Elsevier Ltd.

Heteroatom doping methodologies substantially enhance the

catalytic capabilities of BOC, exemplified by Cu-modified BOC

nanosheets that self-assemble into hierarchically porous floral

nanostructures via hydrothermal synthesis [121]. DFT calculation

confirms that Cu incorporation induces electron redistribution

around Bi centers, lowering the Gibbs free energy barrier for the

rate-determining step from ∗OCHO to formate. The combined ef-

fects of optimized electronic structure and hierarchical porosity

empower Cu-BOC with a record FEformate of 98.5 %. In situ spec-

troscopic analyses confirm that Cu doping elevates Bi-site elec-

tron density in BOC, while intensifying the orbital hybridiza-

tion between Bi 6p and O 2p in ∗OCHO intermediates [122].

This electronic modulation mechanism extends to Ce-doped [123]

and S-doped [124] BOC systems, demonstrating doping enhance-

ment of CO2RR performance. Multi-element doping studies con-

firm the universality of this approach while elucidating funda-

mental structure-activity relationships through systematic com-

parisons of charge redistribution patterns and intermediate stabi-

lization energies. The conserved enhancement mechanism across

heteroatom-doped BOC catalysts, involving optimized charge trans-

fer and strengthened orbital interactions, establishes a theoretical

basis for electronic structure engineering. These collective findings

establish a foundational framework for rational dopant selection

and electronic structure engineering in advanced catalyst design.

3.3.3. BiOX (X=Cl, Br or I)

BiOX systems (X=Cl, Br, I) derived from chlo-

rine/bromine/iodine provide tunable platforms for mechanistic

studies of CO2 electroreduction and high-efficiency formate

synthesis. In situ XRD analyses reveal distinct facet-selective

reconstruction behaviors during CO2RR, where Br− induces pref-

erential exposure of the Bi (003) facet (Fig. 10a), Cl− facilitates

formation of the stepped Bi (012) facet (Fig. 10b), and I− results in

mixed facet orientations (Fig. 10c) [125]. Comparative performance

evaluation demonstrates superior formate selectivity of BiOBr over

BiOCl and BiOI counterparts, directly correlating the enhanced

intrinsic activity of Bi (003) facet. These findings establish a

crystallographic foundation for understanding halogen-dependent

active site evolution in CO2RR catalysis. Electrochemical recon-

struction strategies further amplify BiOX catalytic capabilities.

CTAB-functionalized BiOBr (CT/h-BiOBr) nanoflower undergoes

dynamic structural reorganization to expose the Bi (110) facet

under operational conditions (Figs. 10d and f) [126]. Synergistic

effects between the surfactant’s hydrophobic chains and the recon-

structed facet create a CO2-enriched interfacial microenvironment

(Fig. 10e). This dual engineering enables sustained FEformate over

90% across a broad potential window (−0.6 to −1.2V vs. RHE),

demonstrating exceptional potential adaptability. Similarly, gas

diffusion electrode (GDE)-supported BiOI undergoes complete

phase transformation into crystalline Bi2O2CO3 during cathodic

activation (Fig. 10g) [127]. The resultant ordered architecture

combines high structural integrity with efficient mass transport,

achieving FEformate of 90% retention over 30h at industrial current

densities (100–300mA/cm2), thereby addressing critical scalability

challenges in CO2 electrolyzer design.

Strategic design of bismuth functional oxides, sulfides, and

oxysalts requires concerted optimization of crystalline phases,

charge transport pathways, and electron density redistribution.

8
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Fig. 8. (a) Schematic illustration showing the synthetic procedure of BOC-x NWs for CO2RR. Reproduced with permission [115]. Copyright 2024, Elsevier Ltd. (b) SEM image

of BOC petal. (c, d) Free energy diagrams of CO2RR-to-HCOOH on BOC and R-BOC catalysts with or without strain. Reproduced with permission [116]. Copyright 2024,

Wiley-VCH GmbH. (e) SEM image of BiOI. (f) Interlayer spacings of BiOX catalysts. Reproduced with permission [117]. Copyright 2023, Elsevier Ltd.

Precise phase engineering, targeted heteroatom doping, and oxy-

gen vacancy engineering create tailored coordination environments

that reduce ∗OCHO formation barriers and stabilize its adsorption,

thus promoting formate production. Future development must re-

solve operando phase transitions and atomically regulate dopant

distributions using cryo-electron microscopy and X-ray absorption

fine structure spectroscopy. These advances will establish func-

tional bismuth compounds achieving >90% formate selectivity at

200mA/cm2 with 200-h stability.

3.4. Heterojunctions

The rational design of heterojunctions through tailored inter-

facial interactions has become a pivotal strategy for optimizing

bismuth-based electrocatalysts in CO2 reduction. By coupling Bi

with materials of complementary electronic properties, these het-

erostructures achieve synergistic enhancements in charge transfer

kinetics, intermediate stabilization, and catalytic durability [128–

131]. A representative example is the Nafion/Bi catalyst synthesized

on a Cu framework, which forms a hierarchical flower-like archi-

tecture (Fig. 11a) [132]. This structure not only maximizes CO2-

accessible surface area but also establishes an electronic interface

between Nafion and Bi. The interfacial interaction shifts the rate-

limiting step from the second hydrogenation to the desorption pro-

cess of HCOOH (Fig. 11b), while Nafion concurrently stabilizes the

HCOO∗ intermediate (Fig. 11c), collectively accelerating the CO2 re-

duction pathway. Similarly, the Bi-Cu/HMCS heterojunction, featur-

ing nanobubble-like morphology (Fig. 11d), enhances π ∗-orbital in-
teractions between Cu and carbon matrices (Fig. 11e) [133]. This

configuration promotes efficient adsorption of both ∗HCOO and
∗CO intermediates (Fig. 11f), achieving FEformate of nearly 100% at

−0.7V vs. RHE. The hierarchical integration of porous graphene

(PG) with BiOCl1-x nanosheets leverages high surface area of PG

to anchor BiOCl (Fig. 11g) [134], enhancing CO2 adsorption at Bi

sites while preventing aggregation of nanosheets. Synergistic Cl va-

cancy and PG interactions further stabilize HCOO∗ intermediates

via enhanced charge redistribution (Figs. 11h and i). These syner-

gistic structural-electronic effects enable durable FEformate (>85%)

over 100h operation. The Bi2O3-Bi2S3 heterojunction further ex-

emplifies this strategy (Fig. 11j), sustaining FEformate over 90% at

400mV overpotential (Fig. 11k) [135]. Its rough surface morphol-

ogy enhances CO2 adsorption, while the interfacial electron trans-

fer from Bi2S3 to Bi2O3 optimizes charge delivery to reaction inter-

mediates (Fig. 11l).

Beyond static configurations, electrochemically reconstructed

heterojunctions enable dynamic interfacial self-adaptation during

operation. For instance, Bi-TA precursors undergo HCO3
−-mediated

ion exchange to form Bi2O2CO3, which was subsequently re-

duced to metallic Bi under cathodic potential. Spontaneous cou-

pling between Bi and residual Bi2O2CO3 yields Bi/Bi2O2CO3 het-

erojunctions enriched with Biδ
+

active sites. These interfaces sig-

nificantly strengthen ∗OCHO intermediate adsorption via opti-

mized orbital interactions, thereby achieving a formic acid en-

ergy conversion efficiency exceeding 50% at a current density

of 250mA/cm2 [136]. Comparative post-reduction characteriza-

tion of Bi2O3 [137] and Bi2S3 [138] systems further demon-

strates that alkaline electrolytes and CO2 atmosphere are prereq-

uisites for stabilizing surface Bi2O2CO3 phases, thus preserving

heterostructures like Bi2O2CO3/Bi2O3 or Bi2O2CO3/Bi under oper-

ational potentials. Crucially, interfacial electron redistribution al-

ters p-orbital occupancy of Bi atoms, lowering the energy bar-

rier for ∗OCHO formation and accelerating formate generation

9
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Fig. 9. (a) Schematic shows the reaction pathways and the role of oxygen vacancy (VO) in CO2RR. (b) Free energy, �μOH−w , and the adsorption energies of OH∗ and H2O
∗

for BOC with different VO contents. Reproduced with permission [118]. Copyright 2023, Springer Nature. (c) O 1s XPS spectra of Vo-BOC-NS and commercial BOC. (d)

Corresponding 2D electron localization function (ELF) of Bi2O2CO3 with oxygen vacancy. (e) Charge density difference. Reproduced with permission [119]. Copyright 2023,

Wiley-VCH GmbH. (f) EPR spectra of OV-poor and OV-rich BOC. (g, h) Operando ATR-FTIR spectra for CO2RR at various potentials on bare BOC and OV-rich BOC. Reproduced

with permission [120]. Copyright 2025, Elsevier Ltd.

Fig. 10. Time-dependent in situ XRD patterns at a fixed potential of −1.15V vs. RHE of (a) BOBr, (b) BOCl, and (c) BOI. Reproduced with permission [125]. Copyright 2023,

Springer Nature. (d) In situ XRD pattern, and (e) in situ Raman spectra of CT/h-BiOBr. (f) Atomic models of Bi (110) and Bi (110)-CTAB. Reproduced with permission [126].

Copyright 2024, American Chemical Society. (g) Structural transformation of BiOI to Bi2O2CO3. Reproduced with permission [127]. Copyright 2024, American Chemical Society.
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Fig. 11. (a) SEM image of Nafion/Bi@Cu-foam. (b, c) Gibbs free energies of formate formation and atomic configurations of reaction intermediates. Reproduced with permis-

sion [132]. Copyright 2022, Elsevier Ltd. (d) SEM image of Bi-Cu/HMCS catalyst. (e) C K-edge NEXAFS spectra of Bi-Cu/HMCS and HMCS. (f) Schematic of the Cu bridge effect

in the C-Cu-Bi ternary system. Reproduced with permission [133]. Copyright 2023, American Chemical Society. (g) SEM image of PG/BiOCl1-x . Operando ATR-SEIRAS spectra

of (h) BiOCl and (i) PG/BiOCl1-x catalysts during CO2RR. Reproduced with permission [134]. Copyright 2025, Elsevier Ltd. (j) SEM image of Bi2S3-Bi2O3 NSs. (k) Comparison

of the-state-of-the-art Bi-based electrocatalysts with FEformate over 90%. (l) Schematic showing the band alignment of Bi2S3- Bi2O3 NSs. Reproduced with permission [135].

Copyright 2022, Wiley-VCH GmbH.

kinetics. This dynamic self-optimization mechanism ultimately

achieves FEformate of 93% at an industrial-scale current density of

2 A/cm2.

While Bi-based heterojunctions demonstrate enhanced CO2RR

performance through interfacial charge redistribution, lattice

mismatch-induced defects, and protective component integration,

critical challenges persist in understanding their dynamic interface

evolution under operational conditions. The multifunctional nature

of these catalysts arises from synergistic mechanisms: (i) Comple-

mentary active site provision by constituent phases; (ii) optimized
∗OCHO adsorption via interfacial electron redistribution; (iii) de-

fect generation (oxygen vacancies, grain boundaries) through lat-

tice mismatch; and (iv) protective layers preventing component

corrosion. However, in situ reduction dynamically alter interfacial

defect distributions and electronic states, leading to unpredictable

performance decay during prolonged operation. To address these

limitations, future designs must prioritize atomically controllable

fabrication methods and advanced operando characterization. Uni-

versal design principles include creating charge-redistributed inter-

faces to strengthen ∗OCHO adsorption and leveraging lattice mis-

match to generate defect-rich active sites, collectively reducing

overpotentials.

3.5. Bi-based alloys

Bimetallic alloys consistently demonstrate superior catalytic

performance over monometallic systems in CO2RR, as evidenced

by numerous studies [139,140]. This enhancement originates from

alloying-induced electronic structure modulation, which enables

precise control over intermediate adsorption/desorption energetics

[141,142]. Bismuth-based alloys have emerged as particularly ef-

fective catalysts, achieving exceptional formate selectivity via pref-

erential stabilization of the ∗OCHO intermediates. Strategic alloy-

ing of Bi with metals such as Cu, In, Sn and Sb generates syn-

ergistic electronic effects that simultaneously lower CO2 activa-

tion barriers and enhance structural robustness. These tailored

electronic structures not only improve catalytic activity but also

mitigate competitive HER, establishing bimetallic alloy engineer-

11
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Fig. 12. (a) Synthetic procedure of BiCu/CF. (b) Current-dependent FEs of HCOOH, CO, and H2 and the corresponding working potentials. Reproduced with permission [73].

Copyright 2022, Elsevier Ltd. (c) SEM image of Cu-BiOON4. (d, e) Free energy diagrams for HCOOH formation on Bi and 4Cu-Bi surfaces. Reproduced with permission [143].

Copyright 2022, Royal Society of Chemistry. (f, g) SEM image and pore distribution of Cu4Bi-NF. (h) FEs of CO2RR products. Reproduced with permission [144]. Copyright

2023, American Chemical Society.

ing as a cornerstone strategy for high-performance CO2RR catalyst

design.

3.5.1. Cu-Bi alloy

Cu-Bi bimetallic systems demonstrate high performance in se-

lective CO2RR to formate, utilizing synergistic interactions between

Cu redox functionality and CO2 adsorption affinity of Bi. Electro-

chemically transformed CuBi alloy films (CuBi/CF) achieve a for-

mate partial current density of 856mA/cm2 with FE over 85%, sig-

nificantly outperforming monometallic counterparts (Figs. 12a and

b) [73]. This enhancement stems from Cu-induced p-orbital delo-

calization in Bi, which optimizes reaction pathways. Concurrently,

it promotes orbital hybridization between bismuth atoms and the
∗OCHO intermediate, forming more antibonding orbitals. The re-

sultant antibonding orbital formation stabilizes ∗OCHO species and

reduces CO2RR thermodynamic barriers.

Morphological engineering further boosts performance. Copper-

modified bismuth nitrate (Cu-BiOON4) hexagonal nanosheets

(Fig. 12c) deliver FEformate of 100% at −0.6V vs. RHE [143].

Membrane electrode assemblies (MEAs) maintain a stable cur-

rent density of −80mA/cm2 for 4h during operation, directly

producing formate solutions at concentrations of 0.2mol/L. Min-

imal Cu doping enables the formed CuBi alloy after reduction

to retain its hexagonal structure, ensuring dominant exposure

of formate-selective Bi (012) and Bi (104) facets. This dual-

configurational advantage accelerates interfacial electron transfer

while decreasing ∗OCHO-to-formate conversion energy barriers

(Figs. 12d and e). Advanced architectures like CuxBi-NF77 ex-

ploit metastable intermetallic phases and grain boundary-rich

interfaces (Fig. 12f) [144], where hierarchical porosity synergizes

with orbital hybridization to enhance mass transport and inter-

mediate stabilization (Fig. 12g). This achieves concurrent activity

enhancement and 92.4% formate selectivity (Fig. 12h). Collectively,

these systems demonstrate how synergistic electronic modu-

lation and controlled nanostructuring advance CO2 electrolysis

benchmarks.

3.5.2. In-Bi alloy

The strategic integration of In with Bi into Bi-In bimetallic sys-

tems advances CO2RR through synergistic combination these two

components. A bimetallic Bi5In5 nanofiber (NF) catalyst synthe-

sized via electrospinning and electrochemical reduction demon-

strates exceptional performance, achieving FEformate of 96.8 % with

a formate production rate of 4.55mmol h−1 cm−2 (Fig. 13a) [145].

Differential charge density analysis reveals a strong interaction

between Bi and In atoms (Fig. 13b), which facilitates interfacial

charge mobility and thermodynamically drives the CO2-to-HCOOH

pathway from endothermic to exothermic (Fig. 13c). This electronic

synergy enhances both catalytic activity and selectivity. Further op-

timization is achieved through the Bi/In-750 catalyst supported on

Bi2O2CO3 nanosheets, which provides a hierarchical architecture

with abundant CO2 adsorption sites (Fig. 13d) [146]. The alloying

effect reduces the HCOO∗ adsorption energy (Fig. 13e) while ele-

vating the density of states near the Fermi level (Fig. 13f), acceler-

ating charge transfer kinetics to deliver a FEformate of 97.2%. More-

over, the introduction of In into the Bi@Cu-foam electrode effec-

tively modulates the electronic structure of the Bi sites, stabiliz-

ing the active phase (Figs. 13g–i) [147]. This structural and elec-

tronic co-optimization enables the electrode to retain >90% initial

FEformate over 300h of continuous operation, showcasing unparal-

leled durability for industrial-scale applications.

3.5.3. Sn-Bi alloy

Recent advances in Sn-Bi bimetallic catalysts for CO2RR demon-

strate validated design principles. Computational studies by Ren et

al. identify optimized Sn-Bi interfacial configurations for formate

pathway selectivity, providing theoretical basis for precision syn-

thesis of tailored heterocatalytic systems [148]. Nanoporous Sn-Bi
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Fig. 13. (a) SEM image of InxBiy NFs. (b) Charge density difference of Bi5In5. (c) Gibbs free energy profiles for CO2RR-to-formate on Bi, In, BiIn2 and InBi. Reproduced with

permission [145]. Copyright 2023, Royal Society of Chemistry. (d) TEM image of InOx/Bi2O2CO3–750. (e) Free energy profiles for CO2RR to HCOOH on Bi (012), BiIn (111) and

In (101). (f) PDOS profiles. Reproduced with permission [146]. Copyright 2023, Wiley-VCH GmbH. (g) SEM image of BiIn@Cu-foam. (h, i) Bi 4f XPS spectra of BiIn@Cu-foam,

BiIn@Cu-foam, and BiIn@Cu-foam-after-30h-3d Reproduced with permission [147]. Copyright 2024, Elsevier Ltd.

Fig. 14. (a) Illustration showing the synthesis of Bi-Sn aerogel. (b) Corresponding SEM image. (c) ATR-FTIR spectra during CO2RR on Bi-Sn catalyst. Reproduced with permis-

sion [149]. Copyright 2021, Wiley-VCH GmbH. (d) HAADF-STEM of Sn0.80Bi0.20 alloy NPs. (e) Structural model of Bi-doped SnOx catalyst. (f) Theoretical limiting potentials of

H2, CO and HCOOH production on Sn@SnOx and Sn0.80Bi0.20@Bi-SnOx . Reproduced with permission [150]. Copyright 2020, Wiley-VCH GmbH. (g) SEM image of Bi-Sn alloy.

(h, i) Free energy profiles for CO2RR to form CO and HCOOH on Sn (101) and Bi-Sn (101) surfaces. Reproduced with permission [76]. Copyright 2018, Wiley-VCH GmbH.
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aerogels with branched nanowire architectures were synthesized

through sodium borohydride reduction methodology, establishing

interconnected three-dimensional conductive networks (Figs. 14a

and b) [149]. The hierarchical porosity enhances electrolyte per-

meation and exposes dual-active sites, while in situ ATR-FTIR spec-

troscopy confirms Sn-Bi synergism stabilizes the HCOO∗ intermedi-

ate (Fig. 14c). This structural-electronic interplay enables efficient

mass/charge transport critical for improved electrocatalytic perfor-

mance. Further innovation emerged from Yang’s group with the

development of core-shell BixSn1-x@Bi-SnOx nanoparticles (Figs.

14d and e) [150]. The Bi doped SnOx shell selectively suppresses

H2/CO evolution (Fig. 14f), while the engineered defect architec-

ture and interfacial electronic synergy optimizes ∗OCHO adsorp-

tion geometry for the enhanced formate generation (Fig. 14g). DFT

simulations elucidate interfacial functionality within Sn-Bi systems,

quantifying the energetic stabilization of formate pathways relative

to CO formation (Figs. 14h and i) [76]. This establishes a structure-

activity paradigm for alloy-mediated CO2 reduction electrocataly-

sis.

3.5.4. Other Bi-based alloys

Bi-based alloys incorporating both mainstream and noble met-

als demonstrate unique advantages in tailoring CO2 reduction

pathways. The electrodeposited Bi-Sb bimetallic system on carbide

paper exemplifies synergistic effects, where Sb integration modu-

lates the electronic structure to lower ∗OCHO adsorption energy

while suppressing competing CO pathways, thereby elevating for-

mate selectivity [151]. Expanding beyond binary systems, ternary

alloys such as Pb-Bi-Sn further optimize performance by introduc-

ing secondary metal dopants (e.g., Pb) that mitigate parasitic hy-

drogen evolution [152]. These multinary systems leverage elemen-

tal diversity to balance intermediate stabilization and side-reaction

inhibition, illustrating the versatility of alloying strategies in cata-

lyst design.

Bi-based alloy electrocatalysts achieve enhanced CO2-to-

formate conversion through synergistic geometric and electronic

effects. Interfacial charge redistribution at heteroatomic junctions

(e.g., Bi-Cu, Bi-In, Bi-Sn) lowers activation barriers for key interme-

diates, while lattice mismatch engineering generates high-index

facets and defect-rich interfaces optimizing active site density.

Critical design guidelines include: (i) Optimizing secondary metal

content to balance ∗OCHO adsorption and charge transfer, and

(ii) engineering metastable intermetallic phases to sustain desired

FEformate at high current densities. Theoretical and experimen-

tal studies demonstrate alloy catalysts universally outperform

monometallic systems, elevating formate selectivity >90% at

industrial current densities (>200mA/cm2). Future development

requires combinatorial phase diagram exploration through high-

throughput workflows to establish structure-function databases,

enabling machine learning-guided design of next-generation al-

loy systems targeting full potential in industrial CO2 electrolysis

applications.

4. Conclusion and outlook

4.1. Conclusion

Electrocatalytic CO2-to-formate conversion emerges as a piv-

otal technology for sustainable carbon cycling. This review analyzes

systematic advances in Bi-based electrocatalysts, covering metal-

lic nanostructures, atomically dispersed configurations, functional

compounds, rationally designed heterojunctions, and optimized

bimetallic systems. Table 1 consolidates key performance metrics—

including synthesis routes, operational conditions (electrolyte, cur-

rent density, overpotential), Faradaic efficiency, and stability—for

representative Bi-based catalysts, providing a benchmark for in-

dustrial scalability and future optimization efforts. Rational de-

sign principles—morphological engineering, electronic modulation,

and interface control—collectively enhance performance by opti-

mizing reaction pathways and charge transport. Fundamental in-

sights reveal selective formate generation arises from electronic

structure optimization stabilizing key OCHO∗/HCOO∗ intermedi-

ates, complemented by synergistic dual-site interactions. Integrat-

ing operando characterization with computational modeling has

elucidated dynamic catalyst restructuring mechanisms during op-

eration. Despite achieving >90% Faradaic efficiency, industrial im-

plementation of bismuth catalysts demands unified performance

benchmarks (≥90% FE at ≥300mA/cm2, >1000h stability) with

standardized protocols to address longevity and scalability con-

straints [153]. Future advancement hinges on integrating atomic-

scale catalyst engineering with reactor innovation through machine

learning-guided design, multimodal diagnostics, and system-level

optimization—establishing closed-loop methodology for sustainable

CO2 valorization.

4.2. Challenges and perspectives

4.2.1. Precision engineering at atomic scale for Bi-based catalysts

Future advancements in Bi-based electrocatalysts demand

atomically precise control over active site configurations, extend-

ing beyond conventional nanostructuring to address fundamental

limitations in stability and site accessibility under industrial oper-

ating conditions. While current synthesis methods enable morpho-

logical tuning (e.g., edge-rich Bi nanosheets), they lack the reso-

lution to systematically engineer metastable coordination environ-

ments that govern ∗OCHO intermediate stabilization. Key opportu-

nities involve atomic-precision regulation of electronic configura-

tions through p-band center positioning and coordination number

engineering, coupled with interfacial bifunctional ligand integra-

tion to suppress competing pathways.

A paradigm-shifting approach involves machine-learning accel-

erated atomic fabrication, integrating cryogenic electron tomogra-

phy with real-time electrochemical strain monitoring to dynami-

cally map vacancy formation energies. Such techniques could re-

solve the critical yet unresolved trade-off between vacancy con-

centration and structural integrity—a key determinant of catalyst

longevity at >500mA/cm2 current densities. Implementing in situ

atomic layer deposition with potential-dependent feedback control

represents a transformative pathway to construct precisely coordi-

nated Bi-O-C interfaces, circumventing the random reconstruction

processes that currently limit durability beyond 200h of operation.

Bridging these advances requires reactor engineering innovations

addressing microenvironmental pH gradients and membrane dura-

bility constraints. This atomic-scale engineering paradigm provides

the foundation for sustainable CO2 electrocatalysis.

4.2.2. Atomic-scale mechanistic elucidation through integrated

characterization

Resolving atomic-scale mechanisms governing CO2-to-formate

conversion remains fundamental for rational catalyst design. De-

spite established two-electron pathways via HCOO∗ intermediates,

critical mechanistic uncertainties persist, particularly regarding dy-

namic catalyst reconstruction under operation, solvation-mediated

proton-coupled electron transfer kinetics, and potential-driven se-

lectivity switching. These complexities arise from intertwined elec-

tronic properties (p-band alignment, frontier orbital occupancy)

and interfacial phenomena (local proton concentration, double-

layer restructuring), further complicated by competing hydrogen

evolution pathways.

Decoding the dynamic interfacial processes during CO2RR re-

quires multimodal operando diagnostics that simultaneously track
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Table 1

Performance comparison of reported Bi-based electrocatalysts for CO2 reduction to formate.

Catalysts Synthesis method Electrolyte Cell type FE (%) Current density

(mA/cm2)

Potential

(V vs. RHE)

Stability

(h)

Ref.

Bi NPs@PG Thermal reduction 0.1mol/L KHCO3 H cell 87.0 49.2 −1.11 17 [66]

Bi NTs Electroreduction 1mol/L KOH Flow cell 98.0 ∼200 −0.56 11 [67]

Bi nanosheets Liquid-phase reduction 0.05mol/L H2SO4+
3mol/L KCl

Flow cell 92.2 237.1 −1.23 8 [74]

Bi-DC Pyrolysis 1mol/L KHCO3 Flow cell 97.2 ∼100 −0.86 20 [77]

GC-D/Bi Galvanic cell

deposition

1mol/L KOH Flow cell 96.7 ∼90 −0.92 40 [79]

Bi PNS Chemical reduction 1mol/L KOH H cell 95.2 72 −1.40 10 [80]

Bi nanoflowers Chemical replacement 0.1mol/L KHCO3 H cell 92.3 ∼12 −0.90 16 [82]

Bi/BiOBr-D Chemical reduction 1mol/L KOH Flow cell ∼97 500 / 10 [91]

C-Bi SACs Laser agitation 0.5mol/L KHCO3 H cell 82.6 ∼25 −0.95 40 [93]

Bi SACs on

N-doped C

Pyrolysis and etching 0.1mol/L KHCO3 H cell 95.1 / −1.10 10 [94]

β-Bi2O3 Thermal

decomposition

0.1mol/L KHCO3 H cell 98.1 ∼12 −1.10 36 [96]

Bi2O3@LPC Hydrothermal reaction 1mol/L KOH Flow cell 98.0 150 −1.20 20 [103]

V-doped Bi2O3 Hydrothermal reaction 0.5mol/L KHCO3 H cell 94.2 45.0 −1.10 22 [106]

S-doped Bi2O3 Electro-reconstruction 0.5mol/L KHCO3 H cell 92.0 ∼14 −0.90 7 [108]

Ov-Bi2O2CO3 Electrodeposition 0.5mol/L KHCO3 H cell 90.2 16.5 −0.68 7 [118]

Cu-Bi2O2CO3 Hydrothermal reaction 1mol/L KOH Flow cell 98.0 800 / 20 [121]

S-doped

Bi2O2CO3

Hydrothermal reaction 0.5mol/L KHCO3 H cell 96.7 29.0 −0.90 20 [124]

BiOBr Hydrothermal reaction 1mol/L KHCO3 Flow cell 91.0 148 −1.05 9 [125]

CT/h-BiOBr Solvothermal reaction 1mol/L KOH Flow cell 97.0 ∼130 −0.80 18 [126]

Bi-Cu/HMCS Chemical reduction 0.1mol/L KHCO3 H cell ∼100 4.6 −0.70 60 [133]

PG/BiOCl1-x Hydrothermal/

annealing

0.1mol/L KHCO3 H cell 92.8 ∼70 −0.92 100 [134]

Bi2S3-Bi2O3 Wet chemical 1mol/L KOH Flow cell 95.0 ∼150 −1.10 / [135]

Bi2O2CO3/

Bi2O3

Hydrothermal/

Mixing

1mol/L KOH Flow cell 98.1 60.8 −0.80 40 [137]

Bi0-Bi2O2CO3 In-situ

electroreduction

1mol/L KOH Flow cell 93.0 1900 −0.95 100 [138]

CuBi NSs Wet chemical 1mol/L KOH Flow cell 96.0 230 −1.0 10 [143]

Cu-Bi

nanofoam

Thermal shock 0.1mol/L KHCO3 H cell 92.4 ∼15 −0.9 32 [144]

In-Bi nanofiber Electrospinning 1mol/L KOH Flow cell 96.8 ∼210 −1.10 / [145]

Sn-Bi aerogel Reduction/

gelation

0.1mol/L KHCO3 H cell 93.9 ∼9 −1.0 10 [149]

Sb-Bi nanoleaf Electrodeposition 0.5mol/L KHCO3 H cell 88.3 ∼9 −0.90 25 [151]

atomic rearrangement, proton flux, and intermediate evolution at

sub-millisecond resolution. While existing techniques like in situ

Raman and XAFS have revealed phase transformations, they can-

not capture the transient Bi3+/Bi0 redox couples governing proton-

coupled electron transfer. We propose integrating femtosecond

XAFS with electrochemical surface plasmon resonance imaging to

quantify the electric double layer restructuring during ∗OCHO for-

mation. This could resolve the long-debated role of interfacial

water networks in the critical hydrogenation step—a mechanis-

tic black box highlighted by kinetic isotope effects. These mul-

timodal approaches enable correlated spatial-temporal mapping

across Å-to-μm and millisecond-to-hour domains. Concurrently,

reactive force-field molecular dynamics simulations incorporating

explicit electric fields should model potential-dependent solvation

sheath dynamics, bridging the gap between computed adsorp-

tion energies and experimental Tafel slopes. Such multidimensional

analysis would establish predictive descriptors linking Bi 6p-band

centers to proton transfer barriers, enabling rational suppression of

parasitic HER at low overpotentials.

4.2.3. Scalable CO2 electrolyzer systems for industrial formate

production

Industrial deployment of Bi-based CO2 electroreduction requires

advanced electrolyzer engineering beyond conventional H-cell con-

figurations. While MEAs now achieve industrial-level current den-

sities through innovations like tunable hydrophobicity gas dif-

fusion electrodes and corrosion-resistant anion exchange mem-

branes, persistent challenges impede commercialization. Key lim-

itations include carbonate-induced membrane failure during ex-

tended operation, CO2 distribution inhomogeneity in scaled sys-

tems, and critical flooding/salt precipitation issues in alkaline flow

cells—evidenced by >20% performance decay within 100h for

state-of-the-art catalysts under industrial conditions.

Addressing these limitations necessitates integrated catalyst-

electrolyzer co-design with quantifiable industrial benchmarks. Fu-

ture research demands simultaneous optimization of three key ar-

eas: alkali-stable anion-exchange membranes (e.g., poly(fluorene)-

based polymers) to mitigate carbonate precipitation, mechanically

reinforced gas diffusion electrodes incorporating PTFE/carbon com-

posites to prevent flooding and catalyst detachment, and pulsed

electrolysis protocols informed by in situ diagnostics to counter-

act local pH gradients. Concurrently, innovative approaches include

electrolyte-phobic surface functionalization of Bi catalysts to repel

water while preserving active sites, and cation-blocking interlayers

engineered through atomic doping (F−, PO4
3−) to inhibit carbon-

ate nucleation. These strategies must align with the dynamic re-

construction behavior of Bi catalysts under industrial current den-

sities.

Ultimately realizing commercially viable systems requires rec-

onciling performance metrics with economic parameters through

rigorous co-design validation. Industrial implementation bench-

marks must include current densities exceeding 500mA/cm2 in

MEAs, system-level energy efficiency >50% (cell voltage <3.5V),

continuous operation >1000h with <10% activity decay, and CO2

utilization efficiency >70%. Achieving these targets entails devel-

oping hierarchical electrode architectures for uniform current dis-
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tribution, optimizing ionomer-catalyst interfaces to reduce ionic re-

sistance, and establishing predictive stability models correlating ac-

celerated stress tests with long-term performance. System valida-

tion must prioritize scalability in >500 cm2 electrolyzers to ensure

economic viability for grid-compatible deployment.
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