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CO, reduction

Electrochemical reduction of carbon dioxide (CO,RR) into formate and related products is a crucial strat-
egy for sustainable carbon utilization, yet the development of catalysts with both high efficiency and
durability remains a central challenge. Among available candidates, two-dimensional (2D) bismuth (Bi)
nanosheets stand out because of their earth abundance, low toxicity, and unique ability to stabilize
*OCHO intermediates. In this review, we systematically summarize recent advances in the controlled
synthesis of 2D Bi nanosheets, covering bottom-up chemical and electrochemical routes, top-down ex-
foliation, and physical/thermal methods, and highlight the application strategies that enable performance
optimization, including defect/strain engineering, heteroatom doping, interface construction, heterostruc-
ture coupling, in situ reconstruction, and microenvironment regulation. We further integrate mechanistic
insights from in situ/operando characterizations and density functional theory, which clarify the real active
sites, dynamic reconstruction, and structure-activity relationships. Finally, we provide a forward-looking
perspective on atomic-level structural control, understanding and regulating reconstruction, multi-scale
architecture integration, expanding product selectivity beyond formate, device-level optimization, and
data-driven catalyst discovery. By bridging synthesis, application strategies, and mechanistic understand-
ing, this timely review establishes a comprehensive framework to guide the rational design of 2D Bi

nanosheets and accelerate their translation toward industrially relevant CO, electroreduction.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

in fuel cells and chemical synthesis, and convenient storage and
transportation [8-11]. However, realizing efficient, selective, and

The accelerating consumption of fossil fuels and the accompa-
nying surge in anthropogenic CO, emissions have brought about
severe environmental challenges, including climate change and en-
ergy insecurity [1-5]. In this context, the electrochemical CO,
reduction reaction (CO,RR), driven by renewable electricity, has
emerged as a promising strategy to simultaneously alleviate atmo-
spheric CO, accumulation and produce value-added carbon-based
fuels and chemicals [6,7]. Among the possible CO,RR products,
formic acid/formate (HCOOH/HCOO™) has attracted particular in-
terest due to its high volumetric energy density, wide applications
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durable electrochemical conversion of CO, to formate under indus-
trially relevant conditions remains highly challenging, and the de-
velopment of advanced catalysts is of paramount importance [12].

Two-dimensional (2D) materials provide unique opportunities
for CO,RR catalysis owing to their high surface-to-volume ratio,
tunable surface chemistry, and abundant low-coordination active
sites [13-15]. Within this family, 2D bismuth nanosheets (Bi NSs)
have garnered significant attention as ideal CO,RR electrocatalysts
[16,17]. Bismuth is earth-abundant, environmentally benign, and
exhibits intrinsically favorable binding to the key *OCHO inter-
mediate, thereby ensuring excellent selectivity for formate forma-
tion [18,19]. Moreover, the electronic structure of 2D Bi NSs can
be readily modulated through defect engineering, doping, interface
construction, and external strain, enabling tailored catalytic perfor-
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mance [20-23]. These advantages render Bi NSs one of the most
promising platforms for CO,-to-formate conversion [24-27].

Despite rapid progress, the controlled synthesis and mechanis-
tic understanding of 2D Bi NSs remain in their infancy [28,29].
First, the intrinsic anisotropy and high surface energy of Bi make it
difficult to achieve controlled bottom-up growth or top-down ex-
foliation, often resulting in limited lateral dimensions, poor crys-
tallinity, or uncontrolled thickness [30-32]. Furthermore, advanced
vapor-phase and epitaxial strategies, though promising, still face
challenges in scalability and structural stability [33-36]. Second,
although numerous strategies—such as defect creation, strain engi-
neering, heterostructure integration, and dynamic reconstruction—
have been explored to enhance CO,RR activity, the precise correla-
tion between structural motifs, electronic modulation, and catalytic
performance is far from fully understood [37,38]. In particular, the
dynamic structural evolution of Bi-based catalysts under electro-
chemical conditions complicates the identification of true active
sites, limiting rational design [39-43].

Although several reviews have summarized the broader aspects
of bismuth-based materials for CO,RR, a systematic and in-depth
discussion dedicated to two-dimensional Bi NSs, encompassing
their synthesis challenges, controlled preparation strategies, and
catalytic applications, remains absent [44-47]. Given the rapid ex-
pansion of research in this field and the urgent demand for prac-
tical, industrially relevant electrocatalysts, such a focused review is
both timely and of considerable significance [48,49].

In this article, we provide a systematic and in-depth overview
of recent advances in 2D Bi NSs for electrochemical CO, reduc-
tion. We first discuss the intrinsic challenges in controlled syn-
thesis, followed by a comprehensive analysis of bottom-up, top-
down, and vapor-phase strategies for preparing 2D Bi NSs. We
then highlight state-of-the-art application strategies in CO,RR, in-
cluding defect and strain engineering, electronic modulation, inter-
face design, hybrid architectures, and dynamic structural evolution.
Special emphasis is placed on mechanistic insights gained from
in situ/operando characterization and theoretical modeling, which
bridge the gap between structural regulation and catalytic function.
Finally, we summarize the current advances and provide perspec-
tives on future research directions, including precise atomic-scale
control, dynamic reconstruction, multi-scale architecture integra-
tion, product selectivity expansion, device-level design, and data-
driven discovery. By consolidating the latest developments and of-
fering forward-looking insights, this review aims to establish a
roadmap for the rational design of 2D Bi NSs toward efficient, se-
lective, and durable CO, electroreduction, thereby contributing to
sustainable carbon utilization and energy transition.

2. Challenges in the controlled synthesis of 2D Bi NSs

The bottom-up controllable chemical synthesis of high-
quality, monodisperse bismuth (Bi) nanocrystals, particularly two-
dimensional (2D) nanostructures, remains highly challenging due
to the intrinsic physicochemical properties of Bi and the limita-
tions of conventional synthetic routes [50]. Compared with noble
metals such as Au, Ag, Pt, and Pd, low-melting-point (LMP) main-
group metals, including Bi, share several inherent features that hin-
der morphology control: (1) Low standard redox potential (diffi-
cult to reduce), (2) low melting point in both bulk and nanoscale
phases (poor structural stability), and (3) low crystal symmetry
(difficulty in forming well-defined nanocrystals). These attributes
significantly alter their reduction, nucleation, crystallization, and
growth mechanisms from those of noble metals, making it difficult
to precisely control their composition, structure, and morphology
via traditional bottom-up chemical methods [51].

(1) High chemical reactivity. The standard hydrogen electrode
reduction potential of Bi3*/Bi is only +0.20V (or +0.32V vs. SHE
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in aqueous solution [51-54]), much lower than that of Au3*/Au
(+1.52V) or Ag*/Ag (+0.80V). This low potential renders Bi3* re-
duction thermodynamically difficult and kinetically sluggish, of-
ten necessitating strong reducing agents (e.g., NaBH4, hydrazine
hydrate) and/or high-temperature conditions to drive the pro-
cess. However, such aggressive conditions severely limit the de-
gree of control over precursor reduction, nucleation, and growth
rates, ultimately resulting in broad size and shape distributions. (2)
Low melting point. Bi has a bulk melting point of ~271°C, with
nanoscale Bi exhibiting even lower melting temperatures. Under
typical high-temperature synthesis conditions for nanocrystals, the
low thermal stability of Bi leads to uncontrollable growth and crys-
tallization processes, further complicating morphology control. (3)
Low crystal symmetry. Unlike fcc-structured Au, Ag, Pt, and Cu, or
hcp-structured Ru, Bi crystallizes in a rhombohedral structure. This
anisotropic crystal symmetry gives rise to unique growth pathways
and facet development, which are less understood and far more
difficult to manipulate using established metal nanocrystal growth
strategies. (4) Unique surface adsorption behavior. Common surfac-
tants (e.g., CTAB, PVP) exhibit markedly different adsorption behav-
ior on Bi surfaces compared to noble metals. Consequently, con-
ventional “surface adsorption-induced” shape-control methods are
less effective in the Bi system, leaving its nanocrystal morphology
largely uncontrolled [51-54].

Conventional methods for Bi nanocrystal synthesis often involve
strong reductants, elevated temperatures (>160°C), and prolonged
reaction times (hours to days) [51-54]. These harsh conditions fre-
quently yield polydisperse products and hinder the preparation of
monodisperse, high-quality, low-dimensional Bi nanocrystals with
well-defined anisotropic morphologies. To address these issues, al-
ternative approaches such as top-down exfoliation [55-58], phys-
ical vapor deposition or hot pressing [59-61], and electrochemi-
cal reduction of Bi-based compounds [62-70] have been explored.
While these methods can bypass some of the challenges associ-
ated with direct chemical reduction, they still face limitations in
achieving precise, simultaneous control over size, structure, and
morphology at scale.

In summary, the synthesis of 2D Bi NSs remains constrained by
the fundamental physicochemical characteristics of Bi and the in-
adequacies of current synthetic strategies. Overcoming these barri-
ers requires the development of novel methodologies that integrate
precise reaction control with a deep mechanistic understanding of
Bi nucleation and growth.

3. Recent advances in the synthesis of 2D Bi NSs

In general, synthesis strategies for 2D Bi NSs can be categorized
into two major classes: Bottom-up approaches, in which atomic or
molecular precursors assemble into 2D structures (including chem-
ical, electrochemical, and vapor-phase routes), and top-down ap-
proaches, where layered bulk Bi crystals are exfoliated into ultra-
thin sheets. Among bottom-up techniques, wet-chemical synthesis,
reduction-melting-crystallization (RMC), and physical vapor depo-
sition (PVD) represent typical solution- and vapor-based variants,
respectively.

3.1. Bottom-up synthesis methods

Bottom-up synthesis relies on controlled chemical or physi-
cal processes to assemble atoms, ions, or molecules into ordered
nanostructures. For 2D Bi NSs, these approaches offer fine tunabil-
ity in thickness, crystallinity, and morphology, thereby tailoring the
electronic structure and catalytic properties. Despite notable ad-
vances, each method still presents intrinsic advantages and chal-
lenges [71].
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Fig. 1. Representative characterization of 2D Bi NSs synthesized via chemical reduction strategies. (a-c) Low- and high-magnification TEM images of ultrathin Bi NSs with
wrinkled and flower-like morphologies. (d) HRTEM image revealing crystalline domains with a 90° lattice orientation relationship. (e) Corresponding FFT pattern indexed to Bi
crystal planes. (f) AFM image of few-layer bismuthene nanosheets with uniform lateral size. (g) Thickness profiles along selected nanosheets (labeled 1-3), indicating a thick-
ness of ~0.65-0.69 nm, consistent with single-atom-layer bismuthene. (h) HAADF-STEM image resolving the zig-zag atomic arrangement, directly demonstrating the atomic-
scale thickness of the nanosheets. Reproduced with permission [72]. Copyright 2020, Springer Nature. (i) Schematic illustration of the reduction-melting-crystallization
(RMC) pathway enabling morphology-controlled Bi nanostructures, including round nanoparticles, flat nanoflakes, and jagged nanosheets, with exposure of different crys-
tallographic facets. (j-q) TEM and HRTEM images of the as-prepared Bi nanostructures, showing well-defined lattice fringes and facet orientation of Bi NSs with abundant

high-index planes. Reproduced with permission [73]. Copyright 2023, Wiley-VCH.

3.1.1. Wet chemical method

The wet-chemical reduction method is one of the earliest
strategies employed for fabricating ultrathin Bi NSs. Typically, BiCl3
or other Bi salts serve as precursors, while strong reductants such
as sodium borohydride (NaBH4) are applied under controlled con-
ditions. For instance, dropwise addition of NaBH4 to BiCl3 so-
lution under argon atmosphere at ~120°C produced freestand-
ing nanosheets with tunable thickness down to the monolayer
(~0.65nm) [72].

This method is relatively simple, scalable, and yields nanosheets
with high thermal stability and intact metallic Bi(0) character, as
evidenced by TEM, AFM, and XPS analyses (Figs. 1a-h) [72]. The
major drawback is poor morphological uniformity, stemming from
the fast and uncontrolled reduction of Bi*, which induces aggre-
gation and broad thickness distributions. Surfactant assistance is
often insufficient due to the weak adsorption of common ligands
on Bi surfaces [51-54]. Hence, further optimization in ligand chem-
istry and reductant choice is necessary for achieving monodisperse
products.

3.1.2. Reduction-melting-crystallization (RMC, a liquid-phase variant
of wet-chemical synthesis)

As a unique subset of wet-chemical synthesis, the Reduction-
Melting-Crystallization (RMC) method exploits the intrinsically
low melting point of bismuth to induce transient liquid-phase

intermediates and controlled recrystallization, thereby offering
morphology-tunable nanosheet formation. In this process, bismuth
acetate is reduced in ethylene glycol at 470K, leading to transient
liquefied Bi droplets owing to its low melting point. Rapid cooling
in ethanol favors spherical nanoparticle formation, whereas slower
crystallization yields flat nanoflakes (f-BiNFs). Introduction of trace
water further induces structural perturbations, giving rise to jagged
nanosheets (j-BiNSs) rich in surface defects (Figs. 1i-q) [73].

The RMC method enables precise morphology modulation,
surfactant-free surfaces, and versatile nanosheet architectures.
TEM, XRD, and Raman indicate ultrathin structures of 1.9-2.8 nm
with metallic Bi(0) phase [73]. The method demands strict con-
trol over reaction temperature, cooling rate, and inert atmosphere.
Moreover, scalability remains a challenge, limiting its industrial ap-
plicability. Nevertheless, the concept of exploiting Bi’s low melting
point to guide morphology evolution provides valuable mechanis-
tic insights for future synthesis [74].

3.1.3. Electrochemical reduction of bismuth compounds
Electrochemical reduction of layered bismuth precursors, such
as BiOX (X=d(l, Br, I), Bi,0,C0O5, or Bi-based MOFs, has recently
emerged as an effective strategy to obtain two-dimensional metal-
lic Bi NSs while preserving the structural characteristics of the
original compounds [75]. For example, Zhu and Xu developed
an electrochemical conversion route from Bi-based layered MOFs
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Fig. 2. Electrochemical reduction-derived synthesis and structural characterizations of Bi-based nanosheets. (a) Schematic illustration of the electrochemical conversion of
Bi metal-organic layers (Bi-MOLs) into ultrathin Bi NSs (Bi-ene), highlighting the layer-to-layer transformation pathway. (b) PXRD patterns showing the crystalline evolution
from Bi-MOLs to Bi-ene. (c, d) SEM and TEM images showing the sheet-like morphology of Bi-ene. (e) AFM image with corresponding thickness profile (~1.26 nm), veri-
fying the ultrathin structure. (f, g) HRTEM images with selected area electron diffraction (SAED), indicating the presence of lattice disorder and exposed high-index facets.
Reproduced with permission [69]. Copyright 2020, Wiley-VCH. (h-j) Structural characterization of BiOl-derived nanosheets, including SEM, TEM, and AFM analyses, revealing
ultrathin morphology with thickness of ~8.7 nm. Reproduced with permission [67]. Copyright 2018, Springer Nature. (k) Schematic illustration of the chemical interface
confinement reduction of BiOBr nanosheets into porous Bi NSs (Bi PNS). (I-n) HAADF-STEM and AFM images of Bi PNS, together with height profile, demonstrating con-
trolled nanosheet thickness and porous architecture. Reproduced with permission [70]. Copyright 2021, Wiley-VCH. (o-p) XRD patterns and SEM images of Bi,0,C0O;3 (BOC)
precursors. (q-r) TEM images and SAED patterns, together with (s-t) AFM images and thickness profiles, validating the structural reconstruction from BOC precursors into Bi
NSs under electrochemical reduction. Reproduced with permission [66]. Copyright 2018, Wiley-VCH.

to bismuthene with a thickness of 1.28-1.45nm. The resulting
nanosheets exposed abundant low-coordinated sites and demon-
strated near-unity Faradaic efficiency for formate production over
a wide potential window, while maintaining excellent operational
stability (Figs. 2a-g) [69]. Similarly, Yafei Li and Yanguang Li
achieved the topotactic transformation of BiOI templates into ul-
trathin Bi NSs under cathodic polarization, with theoretical calcula-
tions suggesting that the exposed Bi(001) planes preferentially sta-
bilized the *OCHO intermediate and thus promoted selective for-
mate formation (Figs. 2h-j) [67]. In another representative work, a
scalable chemical interface confinement reduction strategy was re-
ported for the topotactic transformation of BiOBr nanosheets into
porous Bi(001) nanosheets, which delivered a Faradaic efficiency of
95.2% and a formate partial current density of 72 mA/cm?2, with
density functional theory (DFT) analysis revealing that the exposed
(001) facets and small-angle grain boundaries substantially low-
ered the free energy barrier for *OCHO formation (Figs. 2k-n)
[70]. Likewise, Lu and Li reported the in situ reduction of ultra-
thin Bi;0,CO5 nanosheets into mesoporous Bi, which exhibited en-
larged surface area and outstanding catalytic activity for CO,RR
(Figs. 20-t) [66].

Compared with conventional chemical reduction, this electro-
chemical approach offers the advantage of structural fidelity, as
the two-dimensional framework of the precursors is largely re-

tained during the transformation. Moreover, the process is in-
herently compatible with operando spectroscopic techniques (e.g.,
ATR-IR, Raman), which allows mechanistic insights into struc-
tural evolution and intermediate stabilization. The direct inte-
gration with electrochemical CO, reduction systems further un-
derscores its practical relevance. Nevertheless, challenges remain.
Structural reconstruction during the reduction process may in-
duce partial collapse of the layered framework, leading to mor-
phological heterogeneity, while precise control of nanosheet thick-
ness and uniformity over large electrode areas is still difficult
to achieve. These limitations highlight the need for more refined
electrochemical design strategies, such as electrolyte engineering
or potential-programming, to fully exploit the potential of this
method [76].

3.1.4. Physical vapor deposition and termal techniques

In addition to chemical and exfoliation strategies, physical va-
por deposition (PVD) and thermal-based methods provide an al-
ternative route for synthesizing ultrathin Bi NSs and bismuthene
films. Owing to the intrinsically low melting point of Bi (271.5°C
in bulk, even lower at the nanoscale) [51], physical and thermal
techniques are capable of producing highly crystalline, few-layer
structures under relatively mild conditions compared to conven-
tional high-temperature crystal growth [77].



C. Xu, S. Han, K. Zhang et al. Chinese Chemical Letters 37 (2026) 112179

Hot-Pressing Fabrication of Ultrathin Bi Nanosheets

: E—
Heating "

, IS -

 Taddts ettt

' ——
0

Epitaxial Growth of Bismuthene on SiC(0001) Strained Monolayer Bi on NbSe,

* (495£008)A

!.

—

(5.04£0.02) A

] , (5.06+0.08) A

Sandwiched Epitaxy of Bi Nanoflakes between Cu(111) and h-BN

\1§§£§£‘§,§: BBNBICY *

Fig. 3. Physical vapor deposition and thermal-assisted routes for fabricating 2D Bi NSs. (a) Schematic illustration of the hot-pressing fabrication of ultrathin Bi NSs using
pristine Bi nanoparticles under simultaneous heating and pressure, enabling controlled melting-recrystallization into atomically thin sheets. Reproduced with permission [59].
Copyright 2017, Wiley-VCH. (b-g) Epitaxial growth of bismuthene on SiC(0001). Reproduced with permission [60]. Copyright 2017, AAAS. (b) Structural model of bismuthene
with a (v/3 x +/3)R30° commensurate registry on the SiC(0001) substrate. (c) STM topographic image showing continuous bismuthene domains (~25nm) fully covering the
substrate. (d) Step-height profile taken along the red line in (c), consistent with the SiC terrace steps. (e) Atomically resolved STM image revealing a honeycomb Bi lattice.
(f, g) High-resolution STM images under occupied (—1.0eV) and empty (+0.8 eV) states, respectively, revealing the buckled honeycomb configuration of bismuthene. Strained
monolayer Bi on NbSe,: (h) Large-scale STM image showing periodic ripple morphology with a modulation period of ~5 lattice constants. (i) Atomically resolved topography
(180A x 360 A) highlighting triangular Bi lattice, ripple-induced strain, and Y-type domain junctions. (j) Schematic illustration of the geometric constraints leading to Y-
junction formation.Reproduced with permission [61]. Copyright 2018, AAAS. Sandwiched epitaxial growth of Bi nanoflakes between Cu(111) and h-BN: (k) Schematic diagram
of the h-BN-encapsulated epitaxial growth process, where the h-BN overlayer prevents oxidation and enables layer-by-layer Bi growth on Cu foil. (1) Optical and SEM images
showing uniform Bi nanoflakes confined between h-BN and Cu substrate. (m) Cross-sectional SEM image of the h-BN/Bi/Cu sandwich structure, demonstrating ultrathin Bi

layer formation. Reproduced with permission [78]. Copyright 2023, American Chemical Society.

One representative thermal approach was reported by Wu
and co-workers, who developed a hot-pressing strategy to fab-
ricate freestanding ultrathin Bi NSs with a thickness of ~2nm
and lateral dimensions of several micrometers [59]. In this pro-
cess, Bi nanoparticles were mechanically compressed onto pol-
ished Si substrates, enabling ordered crystallization into high-
quality nanosheets. This cost-effective method demonstrated great
promise for large-scale fabrication, while simultaneously ensuring
high crystallinity and mechanical integrity.

Beyond mechanical pressing, vapor deposition and epitaxial
growth strategies have also been developed to achieve atomic-level
control in bismuthene synthesis. Unlike freestanding nanosheets
obtained by hot-pressing (Fig. 3a) [59], vapor deposition enables
the direct fabrication of monolayer Bi on crystalline substrates
under low-pressure conditions. In 2017, Schafer and co-workers
epitaxially grew monolayer bismuthene on SiC substrates using a
physical evaporation-deposition method, as validated by scanning
tunneling microscopy (STM) and step-height analysis (Figs. 3b-
g) [60]. Shortly thereafter, Kapitulnik and colleagues employed a
Knudsen cell to deposit Bi atomic layers on NbSe, substrates (Figs.
3h-j) [61]. Their study revealed that the initial Bi growth was epi-
taxially aligned with the lattice constant of the top-layer Se atoms
of NbSe,, forming a rippled 2D Bi lattice with a periodicity of ap-
proximately five unit cells. Although these methods enabled pre-

cise growth of monolayer bismuthene, the resulting nanosheets re-
mained substrate-supported at the macroscopic scale, which re-
stricted their practical application due to substrate dependence.

More recently, a “sandwiched epitaxy” strategy was reported,
in which Bi was confined between a Cu(111) foil substrate and
an h-BN protective overlayer (Figs. 3k-m) [78]. The h-BN layer
not only stabilized the otherwise metastable bismuthene by sup-
pressing structural reconstruction, but also compensated for charge
transfer to the Cu substrate. As a result, the bismuthene nanoflakes
demonstrated remarkable thermal stability up to 500°C in air, at-
tributed to the passivation effect of the h-BN capping layer. Impor-
tantly, these nanoflakes exhibited an ultrahigh faradaic efficiency
(~96.3 %) for formate production in CO,RR, one of the highest val-
ues reported for Bi-based electrocatalysts. This strategy not only
enables controllable synthesis of high-quality 2D bismuthene but
also provides a generalizable route for stabilizing other 2D materi-
als with intrinsically high surface energies.

Compared with chemical reduction or exfoliation, physical
vapor deposition and thermal strategies offer distinct advan-
tages. They enable the synthesis of large-area, high-crystallinity
nanosheets with atomically smooth surfaces, which are highly de-
sirable for fundamental studies and device integration. Moreover,
these approaches are well-suited for in situ monitoring and struc-
tural characterization, since they avoid complications introduced



C. Xu, S. Han, K. Zhang et al.

by surfactants or residual ligands. However, these methods also
face significant challenges. Substrate dependency limits their scal-
ability and versatility, as most epitaxial growth requires lattice-
matched templates. In addition, while high crystallinity is bene-
ficial for electronic applications, catalytic systems often demand
defect-rich structures with abundant low-coordination sites, which
are difficult to achieve through purely thermal growth.

In summary, physical vapor deposition and thermal tech-
niques represent powerful tools for the controllable synthesis of
2D Bi NSs, particularly for producing structurally coherent and
high-quality bismuthene. Nevertheless, bridging the gap between
substrate-supported epitaxial growth and freestanding, defect-
engineered nanosheets remains a critical challenge that must be
addressed before these approaches can be broadly applied in large-
scale electrocatalytic systems.

3.2. Top-down exfoliation approaches

Unlike bottom-up chemical methods that rely on precursor re-
duction or crystallization, top-down strategies exploit the intrin-
sic layered structure of bulk bismuth crystals to obtain ultrathin
nanosheets through mechanical or chemical exfoliation. This ap-
proach is conceptually analogous to the production of graphene
from graphite, and it benefits from the weak van der Waals inter-
actions between Bi atomic layers that facilitate cleavage into two-
dimensional structures [79].

One of the earliest demonstrations was reported by Jin and
co-workers, who successfully synthesized ultrathin Bi NSs with
a thickness of 1.2-1.5nm via liquid-phase exfoliation of bulk Bi
in NaOH-isopropanol solution (Figs. 4a-g) [56]. The as-prepared
nanosheets displayed high electrical conductivity and a large elec-
trochemically active surface area, resulting in excellent CO, adsorp-
tion and rapid electron transport. DFT calculations further revealed
that the abundant edge sites on these exfoliated nanosheets play
a decisive role in stabilizing the key *OCOH intermediate, thereby
accounting for the high formate selectivity observed in CO,RR.

Building upon this work, Yin and co-workers developed a
solvothermal-liquid-phase exfoliation strategy, which allowed pre-
cise control over nanosheet thickness and porosity through tuning
of ligands, reducing agents, and reaction rates (Figs. 4h-m) [58].
The resulting ultrathin porous Bi NSs (~1.5nm thick) possessed
numerous low-coordinated edge sites, significantly enhancing their
intrinsic catalytic activity compared to Bi nanoparticles dominated
by basal planes. These studies collectively highlight the structural
advantages of exfoliation-derived Bi NSs, including ultrathin mor-
phology, high surface-to-volume ratio, and abundant catalytically
active edges.

From a mechanistic perspective, the principal advantage of ex-
foliation lies in its ability to generate atomically thin nanosheets
without altering the crystallographic integrity of Bi. Furthermore,
because it does not involve harsh reductants or extreme reaction
conditions, the method produces relatively clean surfaces, mini-
mizing interference from surfactant residues. However, several lim-
itations hinder its broader application. First, the lateral dimensions
and thickness distribution of exfoliated Bi NSs often suffer from
poor uniformity, particularly at larger scales, which complicates re-
producibility and device integration. Second, the yield of mono-
layer or few-layer nanosheets remains relatively low, and the pro-
cess can be inefficient for mass production. Finally, the mechani-
cal instability of ultrathin Bi layers under ambient conditions raises
concerns about long-term structural preservation, especially in cat-
alytic environments [80].

Overall, top-down exfoliation provides an accessible pathway to
ultrathin Bi NSs with well-preserved crystal structures and abun-
dant edge sites, making it a valuable complement to bottom-up
chemical synthesis. Nevertheless, further refinement in exfoliation
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Fig. 4. Top-down exfoliation strategies for preparing ultrathin Bi NSs and their
structural characterizations. (a) Schematic illustration of the scalable liquid-phase
exfoliation process to obtain ultrathin Bi NSs. (b, ¢) TEM and HRTEM images of the
exfoliated products reveal few-layer Bi with well-resolved lattice fringes. (d, e) AFM
image and corresponding height profiles further verify the ultrathin thickness dis-
tribution. (f, g) Raman spectra and XRD patterns of exfoliated nanosheets compared
with bulk Bi, demonstrating structural integrity and layer reduction. Reproduced
with permission [56]. Copyright 2018, Elsevier. Morphological and structural fea-
tures of porous Bi NSs (Bi-PNS) obtained by exfoliation: (h, i) TEM and magnified
TEM images reveal the porous sheet-like morphology. (j) HRTEM image showing
crystalline lattice fringes. (k, 1) AFM image and the corresponding height profile
demonstrate the nanosheet thickness at the few-nanometer scale. (m) XRD patterns
indicate the phase composition of exfoliated Bi-PNS. Reproduced with permission
[58]. Copyright 2022, American Chemical Society.

chemistry and post-processing strategies is needed to improve size
control, scalability, and structural stability, thereby unlocking its
full potential for electrocatalytic applications.

3.3. Summary and perspectives on synthesis approaches

Over the past decade, significant progress has been achieved in
the synthesis of two-dimensional bismuth (Bi) nanosheets through
a variety of strategies, including bottom-up chemical routes, top-
down exfoliation techniques, and physical vapor deposition (PVD)
or thermal-based methods (Table 1). Each approach offers unique
advantages while simultaneously facing intrinsic limitations, which
collectively highlight the complexity of achieving precise control
over Bi nanostructures [81].

Bottom-up chemical methods, encompassing wet chemical
reduction, reduction-melting-crystallization (RMC), and electro-
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Table 1
Comparative summary of synthesis strategies for 2D Bi nanosheets.
Synthesis method Representative strategy Key advantages Main limitations
Wet-chemical Direct reduction of Bi3* salts Simple, scalable; surfactant-assisted Poor uniformity due to rapid
reduction (e.g., BiCl; — Bi®) using NaBH,4 morphology control; freestanding Bi reduction kinetics;
or hydrazine NSs aggregation; broad thickness
distribution
Reduction-melting— Controlled reduction near Bi Tunable morphology (nanoflakes, Requires precise control of
crystallization melting point to induce jagged NSs); surfactant-free surfaces; temperature/cooling; limited
(RMC) transient liquid-phase mechanistic insight into Bi melting scalability
intermediates behavior
Electrochemical Topotactic transformation of Structural fidelity; operando Morphological heterogeneity;
reduction of Bi BiOX, Bi,0,C03, or Bi-MOFs compatibility; direct integration with partial collapse of frameworks;
compounds under cathodic bias CO,RR difficult large-area uniformity
Physical vapor Hot pressing, epitaxial growth High crystallinity; atomic-level Substrate dependency; limited
deposition/thermal (SiC, NbSe;), or h-BN precision; surfactant-free; ideal for defect density; not
routes encapsulation mechanistic studies freestanding
Top-down exfoliation Mechanical or liquid-phase Clean surfaces; abundant edge sites; Low yield; poor size/thickness
cleavage of bulk Bi crystals defect-rich active structures uniformity; limited long-term
stability

chemical transformation of Bi-based precursors, have demon-
strated remarkable versatility in tuning the morphology, poros-
ity, and surface chemistry of Bi NSs. These methods are partic-
ularly attractive for their potential scalability and direct integra-
tion with electrocatalytic CO, reduction systems. Nevertheless, the
inherently low redox potential of Bi3*/Bi necessitates the use of
strong reductants or high-temperature conditions, often resulting
in broad size distributions and structural heterogeneity. Moreover,
achieving precise control over nanosheet thickness at the atomic
level remains challenging, which limits their reproducibility in cat-
alytic studies.

In contrast, top-down exfoliation approaches exploit the layered
crystal structure of bulk Bi to directly obtain ultrathin nanosheets.
This class of methods benefits from simplicity, minimal use of
harsh chemicals, and the generation of defect-rich edges that
are advantageous for catalysis. However, exfoliation often suffers
from low yield, poor control over lateral dimensions and thick-
ness distribution, and difficulty in scaling up for practical appli-
cations. While solvothermal-liquid phase exfoliation has improved
nanosheet quality and porosity, it remains insufficient to fully meet
the demands of large-area and uniform Bi nanosheet fabrication
[82].

PVD and thermal techniques, including hot-pressing, epitaxial
deposition, and sandwiched epitaxy, have enabled the preparation
of ultrathin Bi NSs and bismuthene with atomic-level precision
and high crystallinity [83]. These methods are particularly valu-
able for fundamental studies, as they allow the synthesis of mono-
layer structures on well-defined substrates and facilitate operando
structural characterization. Furthermore, recent sandwiched epi-
taxy strategies have achieved outstanding thermal stability and
record-high faradaic efficiency in CO,RR, underscoring the poten-
tial of substrate-engineered growth. However, these approaches are
heavily substrate-dependent, and the resulting nanosheets are of-
ten not freestanding, which limits their scalability and applicability
in practical catalytic devices. In addition, defect engineering, criti-
cal for optimizing electrocatalytic performance, is more difficult to
realize within purely epitaxial growth frameworks [84].

Taken together, these synthesis approaches highlight a funda-
mental trade-off between structural precision, scalability, and cat-
alytic relevance. Chemical reduction and exfoliation excel in gener-
ating defect-rich, catalytically active structures but struggle with
uniformity and large-scale reproducibility [85]. By contrast, PVD
and epitaxial methods deliver atomic-level control and high crys-
tallinity but remain constrained by substrate dependency and lim-
ited applicability in electrocatalysis. Addressing these challenges
will require the development of hybrid strategies that integrate the
advantages of different synthesis paradigms—for example, combin-

ing scalable bottom-up synthesis with post-synthetic exfoliation or
defect engineering, or leveraging epitaxial templates to seed free-
standing nanosheet growth [86].

Most importantly, the choice of synthesis method directly dic-
tates the structural characteristics of Bi NSs, including thickness,
defect density, crystallinity, and surface termination, which in
turn govern their catalytic activity, selectivity, and stability in
CO,RR [87]. Therefore, establishing a clear synthesis-structure-
performance relationship is essential for advancing Bi-based elec-
trocatalysts. This critical understanding provides the conceptual
bridge to the following section, where we focus on application
strategies and design principles for Bi NSs in CO, electroreduction
[88].

4. Application strategies of 2D Bi NSs in electrochemical CO,
reduction

To provide a comprehensive framework for understanding how
structural and electronic regulations improve the catalytic behav-
ior of two-dimensional Bi NSs, Fig. 5 summarizes the key design
strategies that have been developed for optimizing their perfor-
mance in electrochemical CO, reduction. Each strategy targets spe-
cific limitations of pristine Bi NSs, such as limited active-site den-
sity, sluggish electron transfer, and structural instability, and offers
a distinct route to enhance activity, selectivity, and durability.

First, defect engineering and strain modulation create under-
coordinated and lattice-distorted Bi sites that strengthen CO,
adsorption and facilitate the formation of OCHO intermediates,
thereby accelerating the rate-determining step. Second, heteroatom
doping and interface engineering adjust the local electronic struc-
ture and promote charge redistribution across Bi-O or Bi-M
boundaries, stabilizing key intermediates while suppressing com-
peting hydrogen evolution. Third, integration with conductive
supports or heterostructures improves charge and mass trans-
port, providing efficient electron pathways and mechanical ro-
bustness under high current densities. Fourth, in situ reconstruc-
tion activates metastable or amorphous Bi phases that expose
fresh low-coordinated Bi sites during operation, often leading
to enhanced long-term stability. Finally, microenvironment and
reaction-condition engineering—including electrolyte composition,
local pH, and ion effects, further tunes the adsorption-desorption
equilibria and facilitates the continuous conversion of CO, to for-
mate.

Together, these seven regulatory strategies form a unified de-
sign paradigm for 2D Bi NSs, linking atomic-level structure mod-
ulation with macroscopic catalytic behavior. This integrative per-
spective provides a conceptual bridge from synthesis fundamentals
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Fig. 5. Schematic illustration of the application strategies of two-dimensional (2D)
Bi NSs in electrochemical CO, reduction. Seven representative approaches have
been developed to optimize catalytic activity, selectivity, and durability: (1) In-
troduction of defect sites to create coordinatively unsaturated active centers; (2)
Strain engineering to modulate the electronic structure and lower energy barriers;
(3) Doping strategies for electronic modulation and stabilization of intermediates;
(4) Interface engineering to construct hybrid Bi/Bi-O architectures with synergistic
effects; (5) Integration with conductive supports to enhance charge transport and
mass transfer; (6) In situ reconstruction and dynamic evolution to expose highly ac-
tive phases; (7) Tailoring of the microenvironment (e.g., electrolyte composition, ion
effects, and local pH) to promote CO, adsorption and conversion. Collectively, these
strategies highlight the versatility of 2D Bi NSs as a platform for designing next-
generation electrocatalysts toward efficient and sustainable CO,-to-formate conver-
sion.

(Section 3) to the detailed application discussions in the following
subsections (Sections 4.1-4.8). Overall, the schematic in Fig. 5 pro-
vides a unified perspective on how different structural and elec-
tronic tuning routes govern the catalytic behavior of 2D Bi NSs. The
following subsections (Sections 4.1-4.8) will discuss each strategy
in detail with representative examples.

4.1. Creation of under-coordinated sites

The formation of under-coordinated Bi sites, including edge
atoms, vacancies, and dislocations, has emerged as one of the
most effective strategies to enhance the intrinsic activity of two-
dimensional Bi NSs for CO, reduction. Owing to their low coordi-
nation number, these sites exhibit modified local electronic struc-
tures that stabilize the key *OCHO intermediate, suppress com-
petitive hydrogen evolution, and thereby boost the selectivity to-
ward formate. Both theoretical calculations and spectroscopic stud-
ies consistently point to the strong correlation between the density
of unsaturated sites and CO,RR performance [89].

For instance, defect-rich Bi NSs with lattice dislocations sup-
ported on copper foam were fabricated via a combined etching-
oxidation-reduction route, and the catalytic efficiency was further
amplified by introducing nanobubble technology (Fig. 6a) [90]. This
integrated system achieved a high formate Faradaic efficiency of
95.4% at —1.08V vs. RHE, with an impressive energy efficiency of
~60%, while nanobubble-assisted mass transport accelerated CO,
conversion nearly fivefold. Similarly, atomic vacancies introduced
into Bi NSs derived from electrochemically reduced Bi;0,CO3 facil-
itated an electron-rich surface, shifting the Bi p-band states toward
the Fermi level (Fig. 6b) [55]. This modification significantly low-
ered the activation barrier for CO, activation and stabilized OCHO*
intermediates through enhanced p-O orbital hybridization, yield-
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ing a Faradaic efficiency of 90% at only 420 mV overpotential with
remarkable 100 h durability.

Edge site engineering further highlighted the critical role of
unsaturated coordination. Ligand-assisted stabilization of under-
coordinated Bi sites has been demonstrated using in situ reduc-
tion of Bi-based MOFs (Fig. 6¢) [91]. The resulting ligand-stabilized
nanosheets exhibited nearly quantitative formate selectivity (98 %)
at —0.80V vs. RHE with excellent stability over 40h, highlighting
the synergistic effect of ligand anchoring in preventing site col-
lapse. By controlling topotactic transformation pathways, Bi NSs
enriched with edges and defects achieved record-breaking indus-
trially relevant current densities, reaching ~870mA/cm? in flow-
cell devices while maintaining >90% formate selectivity (Fig. 6d)
[92]. In addition, in-situ FTIR analyses [92] captured the accumu-
lation of *OCHO species, which—together with DFT calculations—
suggest that OCHO formation on edge defects is energetically fa-
vored over terrace atoms. Beyond defect introduction, molten-salt-
assisted synthesis has been employed to produce high-yield Bi NSs
with inherently exposed edge sites (Fig. 6e) [93]. These catalysts
delivered outstanding long-term stability, continuously operating
for one month in a flow cell, with a remarkable formate yield rate
of 787.5mmol cm~2 h-1.

Taken together, these studies illustrate that unsaturated coor-
dination environments, whether generated by dislocations, atomic
vacancies, edges, or ligand stabilization—consistently serve as dom-
inant active sites for CO,-to-formate conversion [94]. Despite these
advances, challenges remain in quantitatively correlating the den-
sity and type of under-coordinated sites with catalytic activity, and
in developing scalable synthesis approaches that allow fine-tuned
control over these features without compromising stability. Future
work should focus on operando spectroscopic investigations and
predictive modeling to establish clear structure-activity relation-
ships, which will guide rational design of defect-engineered Bi NSs
with industrially viable CO,RR performance.

4.2. Lattice distortion and strain engineering

Lattice strain represents a powerful structural lever to regulate
the local coordination environment and electronic properties of Bi
NSs, thereby tailoring their activity for CO, electroreduction. Un-
like noble metals with rigid lattice frameworks, the relatively low
symmetry and weak metallic bonding of Bi make its crystal lattice
highly adaptable to distortions induced by synthetic conditions, de-
fect generation, or support interactions. These distortions modulate
orbital overlap and band structures, altering the adsorption free
energies of key intermediates (*CO,~, *OCHO) and consequently
the selectivity and kinetics of CO,RR toward formate.

Tensile strain has proven highly effective in activating inert Bi
sites and modulating the OCHO intermediate stabilization path-
way (Fig. 7a) [95,96]. Through a rapid thermal shock process of
a Bi-based MOF, small Bi clusters were generated, inducing va-
cancies that imposed tensile strain across adjacent non-defective
Bi regions. This extended strain field lowered the reaction bar-
rier for OCHO formation, resulting in remarkable CO,RR perfor-
mance: A formate FE of 96% at 400 mA/cm? in acidic electrolyte,
and nearly 1 A/cm?2 partial current density with high single-pass
carbon efficiency (62%). Furthermore, integration into a Zn-CO,
battery achieved a peak power density of 21.4mW/cm? and ex-
cellent durability, underscoring the practical potential of tensile-
strain-engineered Bi NSs.

In contrast, compressive strain can also play a decisive role in
optimizing CO, adsorption and intrinsic catalytic activity (Fig. 7b)
[97,98]. Low-crystallinity Bi,0,CO3 precursors underwent rapid
electrochemical reduction, yielding lattice-distorted Bi NSs (Bi NS-
L) with significant compressive strain, whereas highly crystalline
precursors produced more ordered Bi NS-H structures. The com-
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pressive distortion facilitated CO, activation and enhanced OCHO
stabilization, enabling Bi NS-L to achieve a formate FE of 94.8% at
—1.08V vs. RHE and a partial current density of 247.5mA/cm? in a
flow cell. Moreover, coupling CO,RR with anodic glycerol oxidation
markedly reduced cell voltage, highlighting strain engineering as a
promising route for energy-efficient paired electrolysis.

Beyond homogeneous strain modulation, grain boundary engi-
neering can introduce heterogeneous strain fields that further en-
rich catalytic activity (Fig. 7c) [99]. Under high CO, pressure, BiPO4
precursors reconstructed into metallic Bi NSs densely populated
with grain boundaries. Operando spectroscopy and DFT analyses re-
vealed that these grain boundaries induced local charge redistri-
bution and stabilized HCOO* intermediates, leading to a high for-
mate partial current density of 534mA/cm? and a formation rate
of 9.9mmol h™! cm2 at —0.81V vs. RHE under 3.0 MPa CO,. These
findings collectively demonstrate that strain engineering, from ten-
sile and compressive deformation to grain-boundary-induced het-
erogeneous strain, provides a powerful toolkit for tuning electronic
structure and enhancing CO,RR efficiency toward industrially rele-
vant conditions.

In addition, the deliberate architectural design of Bi NSs can
exploit lattice distortions at specific facets. Micrometer-scale lat-
eral structuring of Bi NSs by cathodic exfoliation introduced ten-
sile strain, narrowing the Bi d-band width and optimizing binding
energies for intermediates (Fig. 7d) [100]. The resulting catalysts
delivered a record-high mass-normalized partial current density of
590 mA/mg with >90% selectivity across a broad potential window.
Similarly, three-dimensional Bi NSs grown on Cu nanowire cores
exhibited preferential exposure of the Bi (110) facet with lattice
defects and unsaturated atoms (Fig. 7e) [101]. The synergistic elec-
tron transfer from Cu to Bi, combined with facet-induced lattice
strain, enhanced the C-terminal hydrogenation of CO,, achieving
>90% formate selectivity with a current density of 155.8 mA/cm?.

Finally, the relative contribution of basal and edge planes in
strain-tuned activity has been systematically evaluated. By ma-
nipulating the orientation of Bi-based precursors, nanosheets with
basal-plane dominance exhibited superior CO,RR performance
compared to edge-oriented ones (Fig. 7f) [102]. DFT studies sug-
gested that basal planes effectively suppress competing hydrogen
evolution, thereby improving CO,-to-formate conversion efficiency.
This work illustrates how strain effects are facet-dependent, and
that optimizing lattice orientation can be as critical as introducing
defects or boundaries.

Overall, these studies converge to establish lattice strain,
whether compressive, tensile, or grain-boundary induced, as a uni-
fying concept for enhancing Bi nanosheet catalysis. While strain
engineering enables extraordinary current densities and selec-
tivities, challenges remain in quantifying strain distributions at
the atomic scale and linking them to catalytic performance un-
der operando conditions. Advances in strain-resolved spectroscopy,
electron microscopy, and multiscale simulations will be indispens-
able for unraveling these correlations and guiding the rational de-
sign of next-generation Bi-based electrocatalysts.

4.3. Doping strategies

Introducing foreign atoms into the bismuth lattice represents
one of the most versatile strategies to tune the electronic environ-
ment and catalytic activity of Bi NSs. Dopant incorporation alters
charge distribution, orbital hybridization, and coordination states,
which collectively modulate the adsorption strength of key inter-
mediates (*CO,~, *OCHO) and suppress competing hydrogen evolu-
tion, thus enabling superior selectivity toward formate/formic acid
production [103-105].

Transition-metal incorporation into Bi NSs effectively reshapes
their electronic density of states and optimizes orbital overlap with
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Fig. 8. Doping and electronic modulation strategies in 2D Bi NSs for enhanced CO,
electroreduction. (a) Ti-doped Bi NSs obtained from electrochemical reduction of
BisTi301, combine mass-transfer advantages of ultrathin nanosheets with electron-
rich properties of Ti, reaching 96.3 % FEgymaee and 4032 pmol h~!' cm~2 production
rate at —1.01 V. Reproduced with permission [106]. Copyright 2023, Wiley-VCH. (b)
Ni-doped Bi NSs (Ni@Bi-NS) exhibit boosted activity and selectivity toward formate
(FE up to 98.4%) owing to Ni-induced charge transfer that shifts Bi p-orbitals closer
to the Fermi level, thereby facilitating *OCHO intermediate formation. Reproduced
with permission [107]. Copyright 2022, Wiley-VCH. (c) Sulfur coordination at Bi
edge defects effectively passivates H adsorption sites and optimizes charge distri-
bution, leading to enhanced OCHO stabilization and high FEgy e ~95% at partial
current density ~250 mA/cm?. Reproduced with permission [108]. Copyright 2023,
Wiley-VCH. (d) Zn?+ incorporation into Bi,O3 nanosheets promotes preferential ex-
posure of (002) facets and stabilizes OCHO intermediates, enabling >90% FE¢,mate
across —0.8~-1.3V. Reproduced with permission [109]. Copyright 2023, Springer
Nature. (e) Single-atom alloy Bi NSs with in situ confined V/Mo/W atoms demon-
strate strong p-d orbital hybridization, lowering protonation energy barriers and
achieving nearly 100% selectivity for C; products with 90h stability. Reproduced
with permission [110]. Copyright 2024, Wiley-VCH. (f) Co-doped Bi NSs synthe-
sized via hydrolysis and operated in a porous solid electrolyte reactor maintain
~72% FEgyrmate at 100mA/cm? for 100 h, with DFT indicating lower energy barriers
for OCHO stabilization compared to pristine Bi. Reproduced with permission [111].
Copyright 2024, Wiley-VCH. (g) Sulfur-doped BiS-derived catalysts retain partial S
after electrochemical reconstruction, delivering record-high FEfo;mae ~95% even at
ultrahigh current densities (2000 mA/cm?) across a wide pH range, attributed to S-
induced electronic modulation. Reproduced with permission [112]. Copyright 2024,
Wiley-VCH.

CO, m* orbitals. Ti-doped Bi NSs, derived from Bi4Ti3Oq, pre-
cursors, achieved a formate Faradaic efficiency (FE) of 96.3% and
a current density of 338.3mA/cm?, maintaining >90% selectivity
even under demanding operation (Fig. 8a) [106]. Integration into
a Zn-CO, battery delivered 1.05mW/cm? maximum power den-
sity, indicating excellent device compatibility. Similarly, Ni doping
shifted the Bi p-band center closer to the Fermi level, enhancing
p-m* hybridization with CO, and accelerating *OCHO formation
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(Fig. 8b) [107]. Ni-Bi NSs exhibited 98.4 % FE at —0.9V vs. RHE and
2.8-fold higher current density than pristine Bi, demonstrating how
transition-metal dopants boost intrinsic reactivity.

Beyond cationic dopants, heteroanion coordination can comple-
ment electronic modulation. Sulfur atoms coordinated at Bi edge
defects suppressed *H adsorption and optimized *OCHO binding
(Fig. 8c) [108]. This cooperative edge-S interaction raised HCOO~
partial currents to ~ 250 mA/cm? with ~ 95% selectivity, revealing
how targeted anion incorporation simultaneously stabilizes struc-
tural edges and enhances activity.

Aliovalent substitution provides a straightforward route to con-
trol active surface orientation and electronic structure. Zn** dop-
ing into Bi,O3; nanosheets promoted exposure of catalytically ac-
tive planes, enabling 95% FE at —0.9V vs. RHE and ~ 20 mA/cm?
current density (Fig. 8d) [109]. DFT calculations reveal that Zn sub-
stitution stabilizes the OCHO intermediate and lowers the desorp-
tion barrier for HCOOH, rationalizing the observed performance
enhancement.

Creating single-atom alloys (SAAs) within Bi matrices intro-
duces strong p-d orbital hybridization that redefines adsorption
energetics. Incorporating V, Mo, or W atoms into Bi NSs gen-
erated grain boundaries and highly delocalized charge density
(Fig. 8e) [110]. Among them, Bi-V SAAs achieved nearly 100% FE
for formate from —0.6V to —1.4V and remained stable for 90h.
The strong p-d overlap facilitated o-donation from CO, oxygen to
Bi sites, lowering the energy barrier for *OCHO protonation and
providing a fundamental blueprint for SAA design.

Co doping into Bi NSs further demonstrates the benefits of het-
eroatom induced electronic reconstruction. Co-Bi NSs prepared by
hydrolysis showed superior CO,RR activity with ~90% HCOOH se-
lectivity and 200mA/cm? current density in a porous solid elec-
trolyte cell (Fig. 8f) [111]. Operando studies revealed that Co incor-
poration strengthened *OCHO adsorption and reduced the proto-
nation barrier. Even after 100h of operation at 100 mA/cm?2, the
Co-Bi system retained high selectivity and delivered electrolyte-
free HCOOH, underscoring the synergy of activity and durability
enabled by transition-metal doping.

Anion-doped precursors can serve as self-reconstructing tem-
plates for high-performance CO,RR. A sulfur-modified bismuth sul-
fide pre-catalyst (BiS-1) transformed in situ into metallic Bi while
retaining residual S atoms that modulated the electronic structure
(Fig. 8g) [112]. The resulting catalyst exhibited ~95% FE across
neutral, alkaline, and acidic electrolytes with current densities
up to 2000mA/cm? in flow cells and sustained 200 mA/cm? for
150h in a membrane electrode assembly. DFT analysis revealed
that residual S atoms promote *HCOO stabilization by lowering
the intermediate formation energy, demonstrating how non-metal
dopants can be equally decisive in activity control.

Taken together, these advances demonstrate that doping and
electronic modulation strategies provide a powerful toolbox for tai-
loring Bi nanosheet catalysis. Whether through heteroatom sub-
stitution, defect-dopant interactions, or orbital hybridization in
SAAs, such modifications directly influence the binding energies of
CO,RR intermediates and reaction barriers. While remarkable se-
lectivity (>95% FE) and industrially relevant current densities (>1
A/cm?) have been achieved, challenges remain in precisely con-
trolling dopant location, preventing agglomeration at high load-
ings, and quantifying dopant-induced local electronic effects un-
der operando conditions. Addressing these issues will be critical
for translating electronic modulation strategies into scalable CO,RR
technologies.

4.4. Mechanistic insights into OCHO intermediate stabilization

The selective stabilization of the OCHO intermediate on Bi-
based catalysts has been widely recognized as the decisive step
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governing both activity and selectivity in CO, electroreduction. DFT
and in situ spectroscopic studies consistently reveal that the ad-
sorption energy and configuration of OCHO are strongly dependent
on the local coordination environment, electronic structure, and in-
terfacial microenvironment of Bi active sites.

From a geometric perspective, low-coordination or edge sites
significantly reduce the formation barrier of OCHO. Zheng et al.
demonstrated that edge sites of Bi architectures possess a Gibbs
free energy of —0.41eV for OCHO formation, much lower than that
on facet sites (—0.03 eV), rationalizing the superior activity of edge-
enriched Bi nanotube assemblies [113]. Similarly, facet engineer-
ing enables control over OCHO stabilization: Zhang et al. reported
that the metastable Bi (101) facet exhibits an exceptionally low
OCHO adsorption energy (0.08 eV) compared to the thermodynam-
ically stable Bi (012) facet (0.46eV), establishing facet-dependent
activity-stability correlations [114].

Beyond geometric modulation, electronic regulation through
heteroatom doping can tune the p-band center of Bi and thus the
binding strength of key intermediates. Ni doping induces charge
transfer from Ni to Bi, upshifting the Bi 6p orbital and lowering the
energy barrier for OCHO formation from 0.81eV to 0.69 eV, which
accounts for the markedly enhanced formate selectivity [107].

In addition, interfacial and hybrid structures play a vital role
in stabilizing OCHO through orbital coupling and charge redistri-
bution. For instance, Zhao et al. showed that Bi single-atom inter-
calation in BiOBr creates a Bi 6p-O 2p orbital hybridization, de-
creasing the free energy barrier for OCHO formation from 1.30eV
to —0.15eV and suppressing competing H adsorption [115]. Simi-
larly, Zhang et al. constructed Bi®/Bi®+-0 multi-atomic interfaces
that enable selective H-CO, coupling and lower the OCHO forma-
tion barrier to 0.83 eV [116]. Moreover, the Bi/Bi,0,CO interfacial
phase exhibits moderate adsorption energy (~0.23eV) and a low
rate-determining barrier (~0.35eV) for the CO, — OCHO step, cor-
roborating the synergistic stabilization at reconstructed Bi/Bi-O in-
terfaces [117].

Finally, microenvironment engineering provides an additional
degree of control. Wu et al. demonstrated that spatially encoded
superhydrophilic-superhydrophobic nanodomains on Bi-PVDF cat-
alysts reorganize interfacial polarity and hydration structure, form-
ing localized dipole fields that selectively stabilize OCHO interme-
diates and suppress H,/CO pathways [118].

Collectively, these representative DFT and operando findings
demonstrate that OCHO stabilization is governed by a concerted
interplay between geometric unsaturation, electronic tuning, inter-
face coupling, and microenvironmental regulation. Such multiscale
understanding provides a quantitative foundation for the rational
design of next-generation Bi-based catalysts with precisely opti-
mized intermediate binding energies and enhanced formate selec-
tivity. Overall, these quantitative insights collectively reveal that
OCHO stabilization energy is not an isolated descriptor, but rather
an emergent function of atomic coordination, electronic redistri-
bution, interfacial coupling, and local solvation structure—together
defining the optimal window of intermediate binding that maxi-
mizes both formate selectivity and catalytic durability.

4.5. Interface engineering and hybrid Bi/Bi-O architectures

Engineering interfaces in Bi-based nanostructures has emerged
as a powerful strategy to unlock new catalytic functions for the
electrochemical CO,RR. Unlike pristine metallic Bi or stoichiometric
oxides, hybrid Bi/Bi-O systems introduce multi-valent states and
heterogeneous electronic environments that can stabilize interme-
diates and suppress competing hydrogen evolution. Moreover, in-
terfacial polarization and synergistic electron transfer endow these
systems with remarkable activity and long-term durability under
technologically relevant conditions.
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Fig. 9. Interface engineering and hybrid Bi/Bi-O architectures for boosting CO, elec-
troreduction performance. (a) MOF-derived leafy Bi NSs with abundant Bi/Bi-O in-
terfacial sites exhibit enhanced CO, adsorption and structural stability, achieving
FEhcoon > 90% at current densities exceeding 200 mA/cm? in both neutral and
alkaline electrolytes, highlighting the role of surface oxygen groups in stabilizing
intermediates. Reproduced with permission [119]. Copyright 2020, Wiley-VCH. (b)
Porous Bi,03;_x nanosheets containing multi-atomic Bi%/Bi®+-0 moieties create an
interfacial atomic sieving effect, enabling efficient CO,-to-formate conversion across
pH ranges; moreover, coupling CO,RR with methanol oxidation allows simultane-
ous cathodic/anodic formate production for integrated carbon-nitrogen synthesis.
Reproduced with permission [116]. Copyright 2025, Wiley-VCH. (c-e) Hybrid S-
Bi; 03/Bi;0,C0O5 heterostructures obtained via controllable synthesis demonstrate
directional electron transfer across the Bi/Bi-O interface, lowering the energy bar-
rier for *OCHO formation and maintaining >94 % FEg, . Over extended operation.
Reproduced with permission [120]. Copyright 2025, American Chemical Society. (f)
Interface-confined single-atom alloys (V/Mo/W-Bi) with rich grain boundaries es-
tablish strong p-d orbital hybridization between Bi and transition-metal dopants,
reducing protonation barriers for formate production and delivering nearly 100%
Faradaic efficiency for C; products over 90 h, while also enabling solar-driven paired
catalysis. Reproduced with permission [121]. Copyright 2023, Cell Press.

A representative and scalable route to constructing Bi/Bi-O in-
terfaces is through MOF-derived hybrid nanosheets (Fig. 9a) [119].
In this strategy, leafy Bi NSs obtained from Bi-based MOF pre-
cursors expose abundant Bi/Bi-O interfaces while maintaining ro-
bust structural integrity under flow-cell conditions. The optimized
architecture delivers high current densities (>200mA/cm?) and
Faradaic efficiencies above 90% for formate over 10 h of continuous
operation. Operando analyses and DFT calculations further reveal
that surface oxygen groups at the Bi/Bi-O boundaries enhance CO,
adsorption and protect active Bi sites from over-reduction, under-
scoring the dual protective and activating roles of interfacial oxy-
gen species.

Building upon this concept, deliberate construction of multi-
atomic Bi interfaces has emerged as a powerful approach for mod-
ulating electronic structure and local coordination environments
(Fig. 9b) [116]. Embedding atomically dispersed Bi single atoms
and clusters into defect-rich Bi,O3_x nanosheets generates com-
posite structures with Bi%/Bi®*-0 moieties. The resulting catalyst
achieves an impressive 96.5% Faradaic efficiency for formate at
—0.5V vs. RHE across a wide pH range, maintaining stability be-
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yond 150h. The interfacial “atomic sieving effect” promotes spa-
tially separated adsorption of *H and *CO, on distinct sites, en-
abling selective *OCHO formation while suppressing hydrogen evo-
lution. Moreover, concentrated formate intermediates at the inter-
face facilitate downstream C-N coupling, illustrating how interfa-
cial control can extend CO,RR toward more complex product path-
ways.

To further enhance stability, composite Bi,03/Bi;0,CO3; het-
erostructures have been designed to resist over-reduction and
structural collapse (Figs. 9c-e) [120]. The coupling of 8-Bi, 03 with
Bi,0,CO5 creates a self-buffering alkaline microenvironment that
dynamically regenerates Bi-O bonds, thereby maintaining interfa-
cial equilibrium under cathodic potentials. This hybrid structure
sustains Faradaic efficiencies above 94% across a wide potential
window (—0.7~-11V) and retains 80% selectivity after 720h of
continuous electrolysis, among the most durable Bi-based CO,RR
systems reported. These results emphasize the critical role of in-
terfacial phase equilibria in achieving long-term catalytic stability.

The intrinsic activity of Bi/Bi-O interfaces has been further clar-
ified through in situ and operando studies on Bi/Bi;0,CO3 thin
nanosheets (Bi/BOC TNS) (Fig. 9f) [121]. Spectroscopic and compu-
tational analyses revealed that formate generation arises from in-
terfacial charge redistribution: protons generated from water dis-
sociation at metallic Bi® sites react with activated CO, molecules
on neighboring Bi+ centers, thereby facilitating *OCHO formation
through a synergistic Bi°-Bi®+ cooperative mechanism. This work
not only identifies the Bi/Bi-O junction as the genuine active site
but also highlights the need for advanced operando tools to track
dynamic interfacial evolution during CO,RR.

Collectively, these studies demonstrate that Bi/Bi-O hybrid ar-
chitectures and interface engineering represent a frontier for de-
signing industrially relevant CO,RR catalysts. Interfacial polariza-
tion enables bifunctional catalysis, where metallic sites facilitate
proton transfer and reduced oxides stabilize key carbon intermedi-
ates. Moreover, controlling dynamic reconstruction through inter-
facial buffering prevents catalyst collapse, directly addressing the
stability challenges of Bi-based materials. Future research should
focus on quantifying the interplay between local coordination, de-
fect density, and interfacial electronic structures under operando
conditions. Such efforts will pave the way toward rationally engi-
neered interfaces that combine activity, selectivity, and durability
at scale.

4.6. Synergistic engineering with conductive supports and
heterostructures

While Bi NSs exhibit excellent intrinsic selectivity toward for-
mate, their activity is often limited by insufficient conductivity,
sluggish CO, adsorption, and structural instability. To overcome
these limitations, recent studies have highlighted the effectiveness
of coupling Bi NSs with conductive supports and transition-metal
oxides (TMOs), thereby creating synergistic heterostructures that
optimize charge transport, enhance CO, activation, and stabilize
active intermediates [122].

A representative example is the integration of transition-metal
oxides (TMOs) with metallic Bi NSs (Fig. 10a) [123]. By introduc-
ing Fe,03, Co304, or NiO onto Bi NSs, strong interfacial orbital in-
teractions between Bi p and transition-metal d states were estab-
lished. In situ Fourier-transform infrared spectroscopy and CO,-TPD
analyses revealed that these heterostructures enhanced CO, ad-
sorption and stabilized the *OCHO intermediate. DFT calculations
further showed that orbital modulation reduced the overpoten-
tial for both *CO,-to-*OCHO conversion and subsequent *OCHO-
to-HCOOH desorption. Among them, Bi/Fe,O3 NSs delivered the
most significant improvement, achieving a maximum Faradaic ef-
ficiency (FE) of 99.7% for formate with a partial current density of
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Fig. 10. Synergistic engineering of conductive supports and heterostructures for
enhanced CO, electroreduction on Bi-based nanosheets. (a) Transition-metal ox-
ide (TMO)-modified Bi NSs (Bi/TMO NSs) establish synergistic p-d orbital inter-
actions between Bi and TMOs, lowering the energy barrier for *OCHO formation
and electron transfer. Among them, Bi/Fe;03; NSs achieve nearly 99.7% FEpcoon at
—0.8V vs. RHE, outperforming pristine Bi. Reproduced with permission [123]. Copy-
right 2024, Science China Press. (b) Nitrogen-doped graphene aerogel (NGA) matri-
ces coupled with Bi nanoplates enhance strong metal-support interactions, increase
surface area, and regulate interfacial wettability, thereby achieving FEycoon of 96.4 %
at 51.4mA/cm? in aqueous electrolyte. Reproduced with permission [124]. Copy-
right 2023, American Chemical Society. (c) Hierarchical Bi,O; nanosheets grown on
a conductive multiple-channel carbon matrix (MCCM) exhibit FEycoon up to 93.8%
and superior energy efficiency, where MCCM accelerates electron transfer and CO,
adsorption while ultrathin Bi; O3 nanosheets provide abundant exposed active sites.
Reproduced with permission [125]. Copyright 2019, Wiley-VCH. (d) Cu nanowire—
bridged Bi NSs arrays on carbon cloth (Cu NWs-Bi NSs) demonstrate higher current
density and selectivity than pristine Bi, benefiting from the electronic modulation
and charge transfer facilitated by conductive Cu NWs. Reproduced with permission
[126]. Copyright 2020, Elsevier.

12.65mA/cm? at —0.8V vs. RHE. This study establishes p-d orbital
coupling as a versatile approach to enhance the thermodynamics
and Kkinetics of Bi-catalyzed CO,RR.

Beyond oxide coupling, carbon-based conductive matrices pro-
vide another route to address the limitations of Bi NSs. Embedding
Bi nanoplates in a three-dimensional nitrogen-doped graphene
aerogel (NGA) (Fig. 10b) [124] not only increased the accessible
surface area but also introduced strong metal-support interactions
(SMSI). The porous aerogel regulated local wettability and facili-
tated mass transfer, while nitrogen functionalities in the graphene
skeleton strengthened CO, adsorption. As a result, Bi/NGA com-
posites achieved a high formate FE of 96.4% with a current den-
sity of 51.4mA/cm? at —1.0V vs. RHE, outperforming pristine Bi.
Similarly, constructing hierarchical architectures by growing Bi, 03
nanosheets on a multi-channel carbon matrix (MCCM) (Fig. 10c)
[125] offered a dual advantage of fast electron transfer through the
conductive carbon framework and abundant active sites provided
by ultrathin BiyO3 layers. The resulting hybrid catalyst reached a
FE of 93.8% with an energy efficiency of 55.3% and demonstrated
stable operation over 12h, highlighting the critical role of host-
guest synergy in stabilizing high-surface-area Bi architectures.

In addition to carbon supports, metallic scaffolds such as
Cu nanowires (Cu NWs) have been explored to improve charge
transfer and electronic coupling with Bi NSs. Cu NW-bridged Bi
nanosheet arrays (Fig. 10d) [126] demonstrated superior activity
compared to pristine Bi, owing to the partial electron donation
from Cu to Bi that enhanced Bi reducibility and stabilized CO, re-
duction intermediates. This interfacial charge redistribution led to
higher current densities and improved formate selectivity, further
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corroborating the promise of metallic heterostructures as conduc-
tive platforms.

Taken together, these studies highlight that synergistic engi-
neering with conductive supports and heterostructures addresses
the intrinsic limitations of Bi NSs by simultaneously improving
electronic conductivity, optimizing adsorption energetics, and fa-
cilitating mass/electron transport. Importantly, these strategies not
only improve performance metrics such as current density and
Faradaic efficiency but also extend catalyst lifetimes, moving Bi-
based CO,RR catalysts closer to industrial application. Future direc-
tions include rationally tuning the degree of metal-support inter-
action, integrating multi-functional supports (e.g., dual-conductive
and ion-conductive frameworks), and employing operando charac-
terization to unravel the dynamic evolution of these heterostruc-
tures under high-current operation.

4.7. In situ reconstruction and dynamic evolution of Bi-based
catalysts

An emerging paradigm in Bi-based CO, electroreduction catal-
ysis is that the real active sites often differ significantly from the
pristine precursors due to inevitable reconstruction under electro-
chemical conditions. Rather than being detrimental, such in situ
structural evolution can generate highly active and selective cat-
alytic phases, particularly when it is deliberately controlled and
harnessed [127].

Controlled in situ reduction of Bi(OH)3; precursors produces ul-
trathin Bi NSs enriched with coordinatively unsaturated pit sites
(Fig. 11a) [128]. These defective regions serve as highly active
centers for *OCHO stabilization, enabling current densities up to
325mA/cm? without compromising selectivity. This example high-
lights how rationally induced reconstruction can maximize the
density of catalytically accessible Bi sites.

Bi-based metal-organic frameworks (MOFs) have proven to be
versatile precursors for generating oxide-derived Bi catalysts via
sequential reconstruction steps (Figs. 11b and c) [129,130]. During
CO,RR, HCO3~ ions selectively cleave Bi—O bonds, transforming the
MOF columns into ultrathin Bi,0,CO3 sheets with favorable sur-
face energetics for *OCHO adsorption [129]. Upon further cathodic
reduction, these sheets convert to metallic Bi while retaining abun-
dant unsaturated Bi sites that act as the true active centers [130].
Such electrolyte- and potential-driven multistep reconstruction of-
fers a controllable route to achieve catalysts with both high activity
and durability.

Reversible reconstruction can also underpin exceptional long-
term durability. In BiggCug4 nanosheets, cyclic voltammetry treat-
ments continuously regenerated catalytically active Bi-O muotifs,
maintaining > 90% Faradaic efficiency for formate over 400h at
260 mA/cm? (Fig. 11d) [131]. Operando Raman spectroscopy re-
vealed the dynamic reappearance of Bi-O vibrations, revealing that
reversible Bi-O reformation sustains catalytic selectivity and effi-
ciency under industrial current densities.

The surrounding chemical environment exerts decisive control
over reconstruction dynamics. When BiOCOOH nanowires were
reduced in CO,-saturated electrolyte, they evolved into ultrathin
Bi/BiOx nanosheets with enhanced CO, adsorption and charge
transfer properties. In contrast, reduction in Ar-saturated HCOONa
solution produced unstable Bi nanowires prone to fragmenta-
tion (Fig. 11e) [132]. These results emphasize that electrolyte
composition governs both phase evolution and final catalytic
architecture.

Low-crystallinity Bi oxyhalide precursors undergo rapid electro-
chemical reduction into lattice-distorted Bi NSs with compressive
strain (Fig. 11f) [97]. Such compressive distortion promotes CO, ad-
sorption and stabilizes *OCHO intermediates, delivering 94.8 % FE
and 247 mA/cm? partial current density—significantly outperform-
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evidenced by CV, XRD, SEM, TEM, and SAED characterizations. Reproduced with permission [67]. Copyright 2018, Springer Nature. (h) Ligand-stabilized Bi NSs (BMNS) are
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Copyright 2021, Elsevier. (i) Schematic illustration of the evolution from pre-catalyst Bi,Se; nanosheets to plasma-activated P-Bi,Se; and subsequently to the final P-BiNS

catalyst, accompanied by the corresponding STEM image. Reproduced with permission [46]. Copyright 2024, Elsevier.

ing high-crystallinity analogues. This demonstrates that precursor
crystallinity can be exploited to regulate strain fields and intrinsic
catalytic activity.

Beyond crystallinity control, topotactic conversion of BiOl into
ultrathin Bi NSs yields highly ordered, single-crystalline nanosheets
with large surface area and nearly 100% formate selectivity across
broad potentials (Fig. 11g) [67]. These 2D structures exhibit ex-
cellent durability and are compatible with device integration, un-
derscoring the practical benefits of halide-derived topotactic re-
construction. In situ reduction of Bi-MOF precursors can also
preserve under-coordinated Bi sites through ligand stabilization
(Fig. 11h) [91]. Residual organic ligands prevent particle agglom-
eration while maintaining abundant surface Bi atoms, yielding ~
98 % FE for formate with prolonged lifetime. This demonstrates that
controlled retention of ligand environments can effectively stabilize
reconstructed Bi NSs.

Plasma-induced reconstruction provides a rapid and versatile
route to generate ultrathin, defect-rich Bi NSs (P-BiNS) from lay-
ered Bi,Ses (Fig. 11i) [46]. The plasma activation enlarges the sur-
face area, increases active-site density, and stabilizes *OCHO in-
termediates, achieving >90% FE at >~80mA/cm? and stable oper-
ation for >50h. DFT analyses attribute this performance to favor-
able charge redistribution and intermediate binding on the P-BiNS
surface, validating plasma-enabled reconstruction as a scalable cat-
alyst design route.

Taken together, these advances establish that reconstruction is
not a side-effect but a design principle in Bi-based CO,RR cataly-
sis. By tailoring precursor crystallinity, exploiting MOF or oxyfor-
mate scaffolds, stabilizing unsaturated Bi via ligand or oxide an-
choring, and dynamically regenerating Bi-O motifs under opera-
tion, researchers have achieved catalysts that combine high ac-
tivity, exceptional selectivity, and industrial-level durability. Future
work should focus on operando multi-scale tracking of reconstruc-
tion, as well as predictive control of phase transformations, to fully
leverage dynamic evolution as a robust strategy for practical CO,
electroreduction.

4.8. Microenvironment and reaction condition engineering

The catalytic performance of Bi-based nanosheets in CO, elec-
troreduction is not only determined by their intrinsic structure, but
is also profoundly influenced by the surrounding electrochemical
microenvironment and external reaction conditions. Rationally tun-
ing factors such as local pH, electrolyte composition, and reaction
cell configuration has proven to be a powerful strategy to simulta-
neously optimize selectivity, activity, and durability.

One major challenge for Bi-based catalysts lies in uncontrolled
reduction reconstruction, which can cause the collapse of well-
defined structures and consequent deactivation under working
conditions. A recent study demonstrated that constructing a f-
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Bi,03/Bi,0,C03 composite could effectively resist over-reduction
by stabilizing new Bi-O bonds in a locally alkaline microenviron-
ment (Fig. 12a) [120]. The cooperative interaction between the 8-
Bi, 03 and Bi;0,C03 domains not only provided directional elec-
tron transfer pathways but also maintained structural integrity
over extended operation. As a result, the composite achieved
Faradaic efficiencies above 94 % across a wide potential range and
retained 80% selectivity even after 720h of continuous electroly-
sis, setting a new benchmark for catalyst durability. This work un-
derscores how engineered microenvironments can protect active
phases from collapse and extend catalyst lifetime in industrially
relevant conditions.

Beyond stability, the electrolyte pH has been identified as a
decisive factor in dictating both activity and structural evolution
of Bi;O3 nanostructures (Fig. 12b) [133]. Operando Raman spec-
troscopy and post-mortem analyses revealed that Bi; O3 more read-
ily reduces under highly acidic or basic conditions, whereas near-
neutral pH slows down the reduction process. Despite these struc-
tural variations, metallic Bi consistently emerges as the active
phase, explaining the nearly universal selectivity toward formate
observed across diverse electrolytes. Interestingly, under highly al-
kaline conditions (pH 14), Bi,O3; develops hierarchical dendritic
structures with doubled double-layer capacitance, reflecting a sig-
nificant increase in electrochemically active surface area. These re-
sults highlight that reaction medium-induced reconstruction can
be harnessed to tune surface area and activity, although precise
control remains necessary to balance performance and structural
robustness.

A frontier direction involves extending Bi-based CO, electrore-
duction into acidic media, where competing hydrogen evolution,
corrosion, and product crossover typically suppress formate selec-
tivity. Leveraging Pourbaix diagram-guided design, an acid-tolerant
Bi-MOF was recently employed in a proton-exchange-membrane
electrolyzer (Fig. 12c) [134]. This system delivered industrially
relevant current densities (250-400mA/cm?) with Faradaic ef-
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ficiencies above 93% for formic acid, while maintaining stabil-
ity over 100h. Notably, the process achieved a high single-pass
CO, conversion efficiency (64.9%) and energy consumption as low
as 200.65 kWh/kmol, indicating clear advantages for scaling to-
wards commercial implementation. Such advances demonstrate
that device-level engineering combined with catalyst microenvi-
ronment design can overcome long-standing limitations in acidic
CO,, electrolysis.

In conclusion to this section, engineering the local microen-
vironment, whether through composite-induced alkalinity, pH-
dependent morphological regulation, or acid-tolerant MOF ar-
chitectures in advanced electrolyzer designs, offers a versa-
tile toolkit to enhance the overall catalytic performance of Bi-
based nanosheets. Future work should focus on operando multi-
parameter control, coupling electrolyte design with catalyst ar-
chitecture and cell engineering, to establish robust, scalable, and
energy-efficient CO,RR platforms.

Following the discussion of individual regulatory strategies, the
collective insights from Section 4 can be integrated into a uni-
fied mechanistic framework for understanding and optimizing 2D
Bi NSs in CO, electroreduction. From the atomic to the device
level, the seven interrelated design approaches, defect engineering,
lattice strain modulation, heteroatom doping, interface construc-
tion, conductive support coupling, dynamic reconstruction, and mi-
croenvironment regulation, work synergistically to tune the local
coordination, electronic configuration, and reaction environment of
Bi active sites. Mechanistically, defect creation and strain modula-
tion expose unsaturated Bi sites and adjust orbital overlap, facil-
itating CO, activation and OCHO intermediate stabilization. Dop-
ing and interface engineering further redistribute charge and op-
timize orbital hybridization, selectively promoting proton-electron
transfer while suppressing competing hydrogen evolution. Integra-
tion with conductive or hybrid supports ensures efficient charge
and mass transport, whereas controlled in situ reconstruction dy-
namically regenerates active Bi phases and enhances operational
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durability. Finally, microenvironment tailoring, including electrolyte
and pH optimization, fine-tunes local ion transport and potential
gradients, bridging the gap between intrinsic catalytic activity and
device-level efficiency. Collectively, these interlinked strategies re-
veal that structural and electronic regulation in 2D Bi NSs is not a
series of isolated modifications but a mutually reinforcing, hierar-
chical design paradigm. This holistic understanding establishes the
conceptual foundation for rationally engineering next-generation
Bi-based catalysts that combine high selectivity, industrial-level
current densities, and long-term durability for sustainable CO,-to-
formate conversion.

5. Overall summary of current advances

Building upon the mechanistic framework established in
Section 4, which integrates structural and electronic regulation
strategies for optimizing 2D Bi NSs in CO, electroreduction, this
section provides an overarching summary of the current advances
in the field.

Over the past decade, the exploration of two-dimensional (2D)
Bi NSs has undergone remarkable progress, from the development
of controllable synthesis strategies to their deployment in electro-
catalytic CO,RR. The advances summarized in this review highlight
three interconnected aspects, synthetic methodology, structure-
property relationships, and catalytic mechanisms, which collec-
tively delineate the current status of this rapidly evolving field.

5.1. Advances in synthesis

Multiple routes have been developed to prepare 2D Bi NSs
with tailored morphology and surface chemistry. Bottom-up chem-
ical reduction and electrochemical deposition offer scalable ac-
cess to ultrathin nanosheets with abundant exposed active sites.
Top-down exfoliation enables the acquisition of single- or few-
layer Bi with preserved crystallinity and well-defined basal planes.
Meanwhile, physical vapor deposition and thermal methods pro-
vide high structural precision and allow integration with conduc-
tive supports. These diverse approaches have created a versatile
toolbox to tune the thickness, surface states, and defect density of
Bi NSs, which are essential determinants of their catalytic behavior.

5.2. Application strategies for CO,RR

Recent efforts have extended beyond simple utilization of pris-
tine Bi NSs to engineering more sophisticated catalytic environ-
ments. Defect and vacancy engineering facilitates the formation
of unsaturated coordination sites that strengthen CO, activation.
Lattice distortion and strain modulation provide electronic flexibil-
ity, enhancing *OCHO intermediate stabilization. Heteroatom dop-
ing and electronic modulation further enrich the electronic land-
scape, enabling fine control over adsorption energetics. Interface
design—particularly Bi/Bi-O hybrids—optimizes charge redistribu-
tion and promotes selective proton-electron transfer. In parallel,
synergistic coupling with conductive scaffolds effectively improves
charge/mass transport, while dynamic in situ reconstruction of Bi
oxides, hydroxides, and metal-organic precursors uncovers catalyt-
ically active states that are inaccessible in pristine phases. Finally,
microenvironment engineering through electrolyte regulation or
membrane reactors provides an additional lever to suppress hy-
drogen evolution and extend catalytic durability under industrially
relevant current densities. Collectively, these strategies represent a
comprehensive framework to maximize the intrinsic activity of Bi
NSs while ensuring structural resilience.
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5.3. Mechanistic understanding

The accumulation of experimental evidence and DFT calcula-
tions has significantly advanced our understanding of CO,RR path-
ways on Bi NSs. In situ and operando spectroscopic studies, includ-
ing Raman, ATR-IR, and X-ray absorption, have identified *OCHO
as the key intermediate and revealed its stabilization by low-
coordinated Bi sites, orbital hybridization, and interfacial charge
polarization. At the same time, operando monitoring has revealed
the dynamic structural evolution of Bi-based pre-catalysts, empha-
sizing that the “real” active states often differ from the initial
structures. These mechanistic insights establish clear correlations
between synthetic control, structural evolution, and catalytic per-
formance, laying the groundwork for rational catalyst design.

In summary, current research has demonstrated that 2D Bi NSs
are not only highly selective toward formate/formic acid produc-
tion but also capable of operating at industrially relevant current
densities with extended stability. The integration of synthetic inno-
vation, strategic catalytic engineering, and mechanistic elucidation
has propelled this field from fundamental feasibility studies toward
practical relevance. Nevertheless, challenges remain in reconciling
activity with long-term stability, achieving scalable synthesis with
atomic precision, and bridging mechanistic insights to device-level
performance. These challenges, along with emerging opportunities,
will be critically discussed in the following section on future per-
spectives.

6. Perspectives and future directions

The rapid progress in the synthesis and application of two-
dimensional (2D) Bi NSs for CO, electroreduction has firmly es-
tablished them as one of the most promising catalyst families for
selective formate production. However, despite notable achieve-
ments, several scientific and technological hurdles remain before
these materials can be reliably translated into industrial-scale elec-
trolysis. Looking forward, we identify several key research direc-
tions that merit particular attention.

6.1. Precise structural control at the atomic scale

Although bottom-up and top-down routes have enabled syn-
thesis of Bi NSs with tunable thickness, crystallinity, and surface
states, achieving atomic-level precision across large areas remains
a challenge. Future research should focus on scalable synthesis pro-
tocols that combine atomic precision with reproducibility. In situ
monitoring techniques, such as operando TEM and synchrotron-
based X-ray absorption, could provide real-time feedback to guide
the growth of defect-engineered or doped Bi NSs with determinis-
tic structures.

6.2. Understanding and controlling dynamic reconstruction

Increasing evidence indicates that the “true” active phase of Bi-
based catalysts often emerges through electrochemical reconstruc-
tion. While this dynamic evolution can create highly active unsat-
urated sites, it also introduces uncertainty in catalyst durability.
Moving forward, quantitative control over reconstruction pathways,
for example, through electrolyte engineering, potential program-
ming, or predesigned heterostructures, will be critical. Developing
regenerable catalysts that maintain structural integrity under high
current densities is another promising direction.

6.3. Integrative design of multi-scale architectures

Single nanosheets, though highly active, are insufficient to ad-
dress challenges of mass transport and current distribution at de-
vice scale. Hierarchical electrode architectures that integrate 2D
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Bi NSs into conductive 3D scaffolds or porous flow-cell electrodes
could bridge the gap between nanoscale activity and macroscale
performance. Rational coupling with conductive carbon networks,
nanowires, or ionomer coatings should be pursued to enhance
electron delivery, gas diffusion, and electrolyte management simul-
taneously.

6.4. Expanding the scope of product selectivity

Currently, most Bi NS catalysts show near-unity selectivity to-
ward formate. While this is advantageous for single-product sys-
tems, exploring reaction pathways toward higher-value C-C cou-
pled products or integrated co-electrolysis remains underexplored.
For example, coupling CO, reduction with anodic biomass oxida-
tion or with N-containing species for urea or carbamate forma-
tion may open new avenues for circular carbon-nitrogen utiliza-
tion. Designing Bi-based catalysts that selectively stabilize interme-
diates beyond *OCHO could significantly broaden their applicabil-
ity.

6.5. Device integration and operational stability

Translating laboratory-scale performance into practical electrol-
ysis systems requires overcoming additional barriers, including
long-term stability under fluctuating current densities, resistance
to electrolyte flooding, and compatibility with membrane electrode
assemblies (MEAs). Integrating Bi NSs into solid electrolyte reac-
tors or proton exchange membrane systems, while mitigating acid
corrosion and hydrogen evolution, will be essential for commercial
relevance. Future studies should report standardized benchmark-
ing metrics, such as energy efficiency, single-pass conversion, and
product concentration, to allow direct comparison with competing
catalyst systems.

6.6. Data-driven and theory-guided discovery

Finally, the integration of machine learning, high-throughput
computation, and automated experimentation offers a promising
route to accelerate discovery. Data-driven frameworks could help
identify hidden descriptors correlating Bi NSs’ structural motifs
with catalytic outcomes, thereby enabling rational screening of
dopants, defects, or hybrid architectures. When combined with
operando characterization, such approaches could transform empir-
ical optimization into predictive design.

6.7. Outlook

In summary, 2D Bi NSs have reached a pivotal stage where their
intrinsic catalytic advantages are well recognized, yet their practi-
cal deployment depends on tackling remaining synthesis, mecha-
nistic, and device-level challenges. Future advances will likely arise
from synergistic efforts across materials chemistry, in situ spec-
troscopy, computational modeling, and electrochemical engineer-
ing. With continued interdisciplinary progress, Bi NS-based cata-
lysts may evolve from model systems for fundamental CO,RR stud-
ies into technologically viable platforms for sustainable formate
production and beyond.
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