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ABSTRACT 

The electrochemical reduction of CO2 to formic acid (HCOOH), a valuable chemical feedstock, offers a promising pathway toward 
carbon neutrality. However, achieving high selectivity, industrial current densities, long-time stability, and the direct production of 
pure products simultaneously remains difficult. Here we present tensile-strained bismuth nanosheets (TS-BiNs) created through 
a scalable mechanochemical ball-milling and carbonation process, effectively addressing all of these challenges. The TS-BiNs 
catalyst demonstrates outstanding performance, maintaining over 92% Faradaic efficiency for HCOO− across a wide current 
density range from − 50 to − 1000 mA cm− 2 and an excellent stability at − 100 mA cm− 2 for over 100 h. When used in a solid- 
state electrolyte reactor (4 cm2 ), it ensures the continuous and stable production of pure HCOOH solutions with widely adjustable 
concentrations (40–1500 m M ) at 400 mA over 100 h. Combined experimental and theoretical analyses reveal that the tensile strain 
enhances the adsorption of the * OCHO intermediate and inhibits the competing hydrogen evolution reaction, thereby directing 
the process toward highly efficient HCOOH formation. This work underscores the significant potential of strain engineering in 
catalyst design and introduces an integrated catalyst-reactor strategy for practical electrochemical CO2 upgrading. 
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 Introduction 

he electrochemical carbon dioxide reduction reaction (CO2 RR)
o value-added chemicals represents a promising strategy for
losing the carbon cycle while storing renewable energy [ 1–5 ].
mong various CO2 RR products, hydrocarbons (e.g., ethylene)
nd alcohols (e.g., methanol, ethanol, and propanol) have
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attracted considerable interest due to their high energy density
and substantial market demand [ 6–10 ]. However, their synthe-
sis typically involves multiple complex proton-coupled electron
transfer processes, leading to limited selectivity and efficiency.
In contrast, formic acid (HCOOH) electrosynthesis follows a
more straightforward two-electron pathway, enabling a much
higher Faradaic efficiency (FE) (over 90%) and more favorable
its use, distribution and reproduction in any medium, provided the original work is properly 
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inetics [ 11, 12 ]. Moreover, HCOOH holds particular industrial
mportance because of its wide applications in hydrogen storage,
uel cells, and as a key feedstock for agriculture and phar-
aceuticals [ 13–15 ]. Yet, practical CO2 -to-HCOOH conversion
aces critical challenges in high-performance catalyst design,
ystem efficiency, and product separation, calling for innovative
trategies in the fields of catalyst development and reactor
ngineering. 

ecent studies have reported the high selectivity of p -block
etals (such as Sn, Pb, In, and Bi) for CO2 electroreduction
o formate (HCOO− ) [ 16, 17 ]. Among these, bismuth (Bi) has
merged as a superior candidate due to its low cost, environ-
ental friendliness, high HCOO− FE, and intrinsic ability to
uppress the competing hydrogen evolution reaction (HER) [ 18,
9 ]. While Bi-based materials exhibit promising selectivity and
ost-effectiveness, insufficient active site density and suboptimal
 OCHO intermediate binding energy substantially constrain
heir activity. During the past few years, strategies ranging from
uning the electronic structure to morphology control, including
on-metallic element doping [ 20, 21 ], hybrid material design
 22 ], grain boundaries [ 23, 24 ], confinement effects [ 25 ], defect
ngineering [ 26 ], and nano-structuring [ 27, 28 ], have been widely
emonstrated to enhance the CO2 RR performance of Bi-based
atalysts. Although substantial progress has improved catalytic
erformance, they still face activity-stability trade-offs. For exam-
le, Bi nanoparticles and nanosheets increase surface area but
ften suffer from structural instability; dopants such as sulfur or
hosphorus can improve conductivity but at the expense of active
ite availability [ 22, 29–31 ]. To date, Bi-based catalyst systems
till suffer from insufficient activity and stability, as evidenced
y suboptimal partial current densities ( < 500 mA cm− 2 ) for
COOH production and significant performance degradation
nder prolonged operation at high current densities. These pose
ignificant barriers to the deployment of industrial-scale CO2 -to-
COOH conversion processes, which makes the development of
ewly advanced Bi-based catalysts with high activity and stability
n urgent demand. 

n recent years, introducing strain into catalysts has emerged
s a powerful strategy to increase their catalytic activity and
tability for diverse electrocatalytic processes, including oxygen
eduction/evolution [ 32, 33 ] and hydrogen evolution [ 34 ]. Tuning
he electronic structure of catalytically active sites via strain
ngineering can modulate the adsorption and desorption energies
f reaction intermediates, thereby facilitating catalytic reactions
hile simultaneously enhancing structural stability [ 35 ]. As a
esult, strain engineering has been deemed a straightforward
et powerful approach to optimize both activity and durability.
lthough promising, this strategy requires further exploration
n the engineering of Bi-based catalysts to enhance CO2 -to-
COOH conversion. Another fundamental challenge, besides
atalyst design, in CO2 RR lies in the product-electrolyte mixing
ithin conventional liquid electrolyte systems, which inevitably
enerates mixed product streams that require costly separation
rocesses [ 36–38 ]. This inherent limitation exists regardless of
he electrolyte pH (acidic, neutral, or alkaline) and severely
inders the practical implementation of CO2 RR technology. To
ddress this, solid-state electrolyte (SSE) reactors have recently
een developed to replace conventional H-cells and flow cells
y transporting electrogenerated cations or anions between the
of 13
anode and cathode, enabling the production of pure liquid CO2 RR
products [ 39–44 ]. This reactor design resolves the system-level
challenge of product-electrolyte mixing, facilitating the produc-
tion of high-purity liquid fuels. Therefore, integrating strain-
engineered Bi-based catalysts with SSE reactors represents a
novel and highly promising strategy for producing pure HCOOH
solutions via CO2 RR with high selectivity and stability at high
current densities. However, this approach remains unexplored,
with no systematic studies to date, marking a critical gap in both
fundamental understanding and practical application in CO2 RR
technology. 

Herein, we report a tensile-strained Bi-based nanosheets (TS-
BiNs) catalyst synthesized via a simple mechanical ball-milling
and carbonation restructuring preparation technique for the
electrochemical conversion of CO2 to a pure HCOOH solution.
The resultant TS-BiNs catalyst exhibits a marked FE of exceeding
92% for HCOO− production at wide current densities ranging
from − 50 to − 1000 mA cm− 2 in a flow cell and continuously
produces HCOO− at − 100 mA cm− 2 over a course of 100 h.
When employed at the cathode of the SSE reactor (4 cm2 ),
this catalyst enables continuous production of pure HCOOH
solutions with tunable concentrations at a current of 400 mA,
delivering energy efficiency of 34% at a flow rate of 20 mL h− 1 .
Techno-economic analysis (TEA) confirms that using TS-BiNs as
the cathode catalyst in the SSE reactor enables the production
of HCOOH at a total cost of $218.96 per ton, which represents
an approximately 77% reduction compared to the market price of
$956 per ton [ 45 ], indicating that the process is profitable. In situ
studies and density functional theory (DFT) calculations reveal
that introducing tensile strain into Bi catalysts modulates the
kinetics of the * OCHO intermediate, optimizes its adsorption-
desorption equilibrium, and lowers the energy barrier for * OCHO
formation. These effects collectively balance the reaction energy
barriers of the critical steps in CO2 RR while simultaneously
suppressing the competing HER, thereby contributing to the
catalyst’s outstanding performance. 

2 Results and Discussion 

2.1 Preparation and Structural Characterization 

of the TS-BiNs Catalyst 

Commercial Bi2 O3 catalysts (denoted as Com-Bi) exhibit inherent
deficiencies in particle size distribution, active site exposure, and
reaction dynamics, collectively compromising their electrocat-
alytic performance. To address these challenges while leveraging
the intrinsic scalability and cost-effectiveness of the material,
we developed a ball-milling (strain-engineering achieved in this
step) and a reconstructing strategy to transform bulk Bi2 O3 
into ultrathin Bi-based nanosheets with tensile strain. Figure 1a
depicts our developed preparation method, through which Com-
Bi precursors were first subjected to mechanochemical ball
milling processing in an agate grinding chamber containing
ethanol to obtain ball-milled Bi2 O3 with tensile strain (BM-
Bi) powders. During high-energy ball milling, repeated high-
frequency collisions and compressive interactions among the
grinding balls, Bi2 O3 particles, and the mill chamber not only
drive the shear-induced fragmentation and size refinement of
Bi2 O3 particles but also induce significant tensile strain within the
Advanced Science, 2026
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FIGURE 1 Synthesis and characterization of the TS-BiNs catalyst. (a) Schematic illustration of the synthesis of TS-BiNs. (b) SEM image, (c) 
HAADF-STEM image, (d) AFM image, and (e) High-resolution HAADF-STEM image of TS-BiNs. (f) The high-resolution atom image and the inset 
in (f) correspond to its Fast Fourier Transform pattern (enlarged view of the blue box in (e)). (g) HAADF-STEM-GPA analysis of the strain distribution. 
The red and green areas represent tensile and compressive strains ( εyy ), respectively (enlarged view of the purple box in (e)). (h, i) HAADF-STEM images 
of TS-BiNs in different regions and the corresponding GPA analysis image. (j) HAADF-STEM image of TS-BiNs and the corresponding EDS elemental 
mapping images. 
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rystal lattice. The transient mechanical forces generate localized
tress concentrations and abundant surface defects in the lattice,
hile simultaneously activating the originally inert non-defective
ites [ 46, 47 ]. Following ball milling, the BM-Bi powders were
hen carbonated to afford tensile-strained ultrathin Bi-based
anosheets, i.e., TS-BiNs. The ball milling time and carbonation
ime were systematically optimized to determine the optimal
reparation conditions (see Section S1 for synthesis details). 

e investigated the morphological evolution of the Com-Bi
atalyst during strain engineering and reconstruction by scanning
lectron microscopy (SEM) (Figure S1 ). SEM images show that
arbonation reconstruction in alkaline media converted these
dvanced Science, 2026

e

nanoparticles into ultrathin nanosheets (Figure 1b ; Figure S1c ).
Energy dispersive X-ray spectroscopy (EDS) mapping images
reveal the uniform incorporation of carbon species into the
bismuth matrix during alkaline-mediated reconstruction, as
evidenced by comparative elemental profiling of pristine Com-
Bi and reconstructed TS-BiNs (Figures S2 and S3 ), indicating
a change in chemical composition [ 48 ]. High-angle angular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images (Figure 1c ) and atomic force microscopy (AFM)
images (Figure 1d ; Figure S4 ) further confirm that the as-formed
Bi-based catalyst exhibits an ultrathin nanosheet structure with a
thickness of approximately 2.7 nm. In contrast, the nanosheets
derived from Com-Bi without ball milling under carbonation
3 of 13
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re
onditions display thicknesses ranging from 3.6 to 10 nm (Figure
5 ), suggesting that the ball milling process plays a vital role
n decreasing the thickness of the as-obtained nanosheets. We
ound that uniform nanosheet structures form exclusively at
0 min of ball milling and 30 min of carbonation, with deviations
eading to nanosheet morphologies with partial particle aggre-
ation (Figures S6 and S7 ). Importantly, our scale-up synthesis
xperiments revealed that the TS-BiNs catalyst can be produced
t the sub-kilogram scale (Figure S8 ). This result demonstrates its
reat potential for large-scale industrial use. 

e also investigated the atomic-scale structural evolution
nduced by mechanochemical and carbonation synthesis strate-
ies using electron microscopy. HAADF-STEM reveals the ultra-
hin nanosheet morphology of the TS-BiNs catalysts, exhibiting
n increase in the surface-to-volume ratio compared with that
f untreated Bi2 O3 (Figure 1e ; Figures S9 and S10 ). The high-
esolution HAADF-STEM image shows lattice spacings of 2.60
(112), 3.67 Å (10 ̄1 ), 3.07 Å (013), and 2.17 Å (114) (Figure 1f ),

orresponding to bismuth subcarbonate phases (Bi2 O2 CO3 ), sug-
esting that the prepared TS-BiNs catalyst consists of Bi2 O2 CO3
see our Powder X-Ray Diffractometer (PXRD) analysis below).
otably, the observed lattice fringes corresponding to the (114)
lane suggest a preferred crystal growth orientation along this
igh-index direction in Bi2 O2 CO3 catalysts (Figure 1f ; Figures S11
nd S12 ). 

o give detailed insight into the unique inherent strain induced by
he ball milling process, we performed geometric phase analysis
GPA) on HAADF-STEM images of the synthesized TS-BiNs and
om-Bi after carbonation. As shown in Figure 1g , significant
ensile strain is observed across the entire crystal facet of the
S-BiNs prepared by the ball milling and carbonation reconstruc-
ion method. Importantly, GPA analyses of different HAADF-
TEM regions further confirmed the presence of tensile strain
Figure 1h,i ; Figure S13 ). In contrast, the multi-region HAADF-
TEM and GPA characterizations of Com-Bi after carbonation
eveal that its strain state is near-zero (Figures S14 and S15 ). These
esults confirm that tensile strain can be successfully introduced
nto Bi-based catalysts via the ball milling method [ 49, 50 ]. STEM-
DS mapping confirmed the homogeneous distributions of Bi, O,
nd C across the TS-BiNs (Figure 1j ). 

.2 Crystal and Electronic Properties of the 
atalysts 

e used PXRD, X-ray photoelectron spectroscopy (XPS), and X-
ay absorption fine structure (XAFS) analyses to investigate the
rystal and electronic structures of the catalysts. PXRD patterns
onfirmed that both the Com-Bi and BM-Bi catalysts exhibited
he crystal structure of Bi2 O3 (PDF 14–0899), without other
iffraction peaks (Figure 2a ). Notably, the diffraction peaks of
M-Bi are significantly lower in intensity than those of Com-Bi,
ndicating a substantial decrease in particle size after ball milling,
hile the crystal structure remains unchanged, consistent with
EM observations. After reconstruction in KHCO3 solution, BM-
i transforms into the Bi2 O2 CO3 phase, in agreement with
igh-resolution HAADF-STEM results. This finding agrees with
he literature reports that in an alkaline environment, Bi2 O3
ndergoes hydrolysis to yield Bi species, which then combine
of 13
with carbonate ions to form basic bismuth carbonate [ 25, 51 ].
Notably, the (013) and (110) facet diffraction peaks of TS-BiNs shift
to a lower angle than those of the carbonated Com-Bi catalyst
(Figure S16 ). This diffraction shift further confirms the presence
of tensile strain in TS-BiNs, consistent with the aforementioned
HAADF-STEM and GPA results. 

The XPS survey spectra confirmed the presence of Bi and O in
Com-Bi, and Bi, O, and C in TS-BiNs (Figure S17 ). Figure 2b
presents the high-resolution spectra of Bi 4f for Com-Bi, BM-Bi,
and TS-BiNs. The peaks at 158.32 and 163.66 eV correspond to Bi
4f7/2 and Bi 4f5/2 , respectively [ 27, 48 ]. Compared with those of
Com-Bi and BM-Bi, the peaks of the TS-BiNs exhibit a significant
negative shift of approximately 0.5 eV. Moreover, the O 1s peak
experiences a positive shift of 0.4 eV (Figure 2c ). These shifts
primarily reflect the successful phase transformation from Bi2 O3 
to Bi2 O2 CO3 and the resulting alteration in the local chemical
environment around Bi and O species. Such distinct electronic
states in TS-BiNs are conducive to optimizing the adsorption of
intermediates, and promoting the highly selective conversion of
CO2 -to-HCOO− . 

XAFS analysis provides fundamental insights into the Bi valence
state and coordination environment of TS-BiNs [ 52 ]. The Bi
L3 -edge X-ray absorption near-edge structure (XANES) spectra
reveal that the absorption edge of TS-BiNs is slightly negatively
shifted compared with that of Bi2 O3 (Figure 2d ; Figure S18 ).
This observation indicates a decrease in the valence state of
Bi in TS-BiNs compared with Bi2 O3 , which is consistent with
the above XPS analysis. The Fourier-transformed extended X-
ray absorption fine structure (FT-EXAFS) spectra (Figure 2e ;
Figure S19 ) show that the prominent peak of the Bi ─O scattering
path in Bi2 O3 is located at 1.59 Å. For TS-BiNs, the main
peak of the Bi ─O scattering path is slightly shifted to 1.72
Å, accompanied by a broadening of the peak shape. These
findings indicate that the tensile strain effect and carbonation
processes adjust the Bi ─O bond length and alter the structure
[ 24 ]. Similarly, changes are also observed in the Bi ─Bi scatter-
ing path. The optimal results of EXAFS fitting confirm these
alterations (Figure 2f ; Figure S20 and Table S1 ). Specifically,
the length of the Bi ─O bond has been extended from 2.14
Å for Bi2 O3 to 2.20 Å for TS-BiNs, suggesting a reduction in
the covalency of the Bi ─O bond. Then, the first-shell Bi ─O
coordination environment in TS-BiNs is further confirmed by the
wavelet transform (WT) analysis of the Bi L3 -edge (Figure 2g–
i ). 

We used in situ Raman spectroscopy to identify active sites
during CO2 RR (Figure S21 ). Under open-circuit potential (OCP)
conditions, a distinct Bi ─O (162 cm− 1 ) vibrational peak is clearly
observed. When the potential was adjusted to − 0.4 V versus RHE,
Bi ─Bi (69 and 95 cm− 1 ) and Bi ─O signals are observed at the same
time (Figure 2j ; Figure S22 ) [ 53, 54 ]. With a further decrease in
potential, metallic Bi serves as the active site for CO2 -to-HCOO− 

conversion. Figure 2k illustrates the structural evolution of the
Bi-based catalyst. Specifically, Bi2 O3 undergoes carbonation to
form Bi2 O2 CO3 , and subsequently, is reduced to metallic Bi in the
CO2 RR process, acting as the active phase for CO2 -to-HCOOH.
Notably, tensile strain persists in the TS-BiNs pre-catalyst during
the entire CO2 RR process (see post-reaction characterizations
below). 
Advanced Science, 2026
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FIGURE 2 Crystal and electronic structure analysis of the catalysts. (a) PXRD patterns of Com-Bi, BM-Bi, and TS-BiNs. (b, c) XPS high-resolution 
spectra of Bi 4f and O 1s of Com-Bi, BM-Bi, and TS-BiNs. (d) XANES spectra at the Bi L3 -edge for the TS-BiNs, Bi-foil, and Bi2 O3 . (e) R-space EXAFS 
spectra. (f) Bi L3 -edge EXAFS (black lines) and fitting curves (blue points) for TS-BiNs in R-space, including the FT magnitude (up) and imaginary 
component (down). The data are k3 -weighted without phase correction. (g–i) Wavelet transforms for the k3 -weighted EXAFS signals of Bi-foil, TS-BiNs, 
and Bi2 O3 . (j) In situ Raman spectra of the TS-BiNs catalyst during the CO2 RR at different applied potentials. (k) Schematic illustration of the evolution 
of the catalyst for the CO2 RR in this study. 
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.3 Electrochemical Reduction of CO2 -to-HCOO− 

o verify how tensile strain affects CO2 RR performance, we
valuated the CO2 RR performance of the catalysts in a gas-
iffusion layer-based flow cell (Figure 3a ; Figure S23 ). As clearly
dvanced Science, 2026
shown in Figure 3b and Figure S24 , the TS-BiNs catalyst has
a higher current density and a lower potential than Com-Bi,
indicating that tensile strain significantly enhances the activity of
CO2 -to-HCOO− . Notably, the TS-BiNs reaches a current density of
− 1000 mA cm− 2 at − 1.23 V, far exceeding the Com-Bi ( − 600 mA
5 of 13
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FIGURE 3 CO2 electroreduction performance in a flow cell. (a) Schematic illustration of the flow cell. (b) The I-V curves of TS-BiNs and Com- 
Bi in a flow cell when using a 1.0 M KHCO3 electrolyte (with iR correction). (c) The FE and the formate yields at different current densities over the 
TS-BiNs in a flow cell; electrolyte: 1.0 M KHCO3 , reaction area: 1.0 cm2 . (d) Plots for calculating the double-layer capacitance of TS-BiNs and Com-Bi. 
(e) Electrochemical impedance spectra plot at − 1.0 V for TS-BiNs and Com-Bi. The insert is the equivalent circuit diagram. (f) Stability test at a current 
density of − 100 mA cm− 2 in a flow cell (without iR correction). (g) Comparison of the performance of TS-BiNs with that of typical electrocatalysts 
reported in the literature for the CO2 RR to HCOO− . Note that the maximal partial current density of formate for TS-BiNs is derived from figure c. 
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m− 2 at − 1.52 V), demonstrating its superior electrocatalytic
ctivity for the CO2 RR. 

oreover, we studied the CO2 RR selectivity of TS-BiNs, Com-
i, and BM-Bi catalysts over a wide range of current densities.
s shown in Figure 3c and Figure S25 , TS-BiNs maintain high
EHCOO − ( > 92%) across the entire current density window from
 50 to − 1000 mA cm− 2 , achieving a high partial current density
 jHCOO − ) of − 920 mA cm− 2 and − 1.23 V. In contrast, Com-Bi
eached only 74% FEHCOO − at − 400 mA cm− 2 and − 1.42 V,
nd BM-Bi attained 84.5% FEHCOO − at − 1000 mA cm− 2 and
 2.13 V (Figures S26–S28 ). Furthermore, at − 1,000 mA cm− 2 , the
COO− yield of the TS-BiNs catalyst was as high as 420 mmol
− 1 cm− 2 , which was much higher than that of Com-Bi (139 mmol
− 1 cm− 2 at − 400 mA cm− 2 ) and BM-Bi (394 mmol h− 1 cm− 2

t − 1000 mA cm− 2 ). Further experiments with varying ball-
illing and reconstruction durations confirm that all treated
of 13
catalysts outperform untreated Com-Bi, highlighting the crucial
role of tensile strain in enhancing CO2 RR performance (Figure 3c ;
Figure S29 ). 

The electrochemically active surface areas (ECSA) of the TS-BiNs
and Com-Bi catalysts were investigated by measuring the double-
layer capacitance (Cdl ) (Figure S30 ). We found that the Cdl of
TS-BiNs (1.63 mF cm− 2 ) is 2.2 times greater than that of Com-Bi
(0.74 mF cm− 2 ), indicating that TS-BiNs expose more active sites
than Com-Bi does (Figure 3d ). Even after ECSA normalization,
TS-BiNs still exhibit a relatively high intrinsic current density,
confirming its superior intrinsic catalytic activity (Figure S31 ).
The electrochemical impedance spectroscopy (EIS) results show
that the TS-BiNs catalyst has a lower charge transfer resistance
than Com-Bi does (Figure 3e ), confirming the enhanced effi-
ciency of the charge transfer kinetics in TS-BiNs, which thereby
enables superior electrocatalytic CO2 RR performance. The cata-
Advanced Science, 2026
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yst also exhibits exceptional long-time stability, maintaining an
verage FEHCOO − above 92% over 100 h of continuous operation
t − 100 mA cm− 2 without significant potential decay (Figure 3f ;
igure S32 ). Its performance in activity, selectivity, and stability
t industrial current densities surpasses most previously reported
i-based catalysts, highlighting its practical potential (Figure 3g ;
able S2 ). 

o demonstrate the excellent stability of the TS-BiNs catalyst as
ell as the important role of the tensile strain of TS-BiNs in
nhancing performance, we also carefully characterized the post-
atalysis materials. The SEM images show that the post-catalysis
S-BiNs catalyst still retains the microstructure of the nanosheets
fter the stability test (Figure S33 ). Post-reaction XRD analysis
eveals that the catalyst undergoes a phase transformation to
etallic Bi after CO2 RR (Figure S34 ). Notably, the diffraction
eaks of the formed metallic Bi in TS-BiNs-CO2 RR shift toward
ower angles compared to those in Com-Bi-CO2 RR. This shift
ndicates a sustained lattice expansion, suggesting that the metal-
ic Bi derived from TS-BiNs consistently preserves tensile strain
hroughout the CO2 RR process. We further analyzed the atomic
tructure of the catalysts after the reaction using HAADF-STEM.
he HAADF-STEM images of the Com-Bi catalyst after the
O2 RR reveal lattice spacings of 2.35 and 3.28 Å, corresponding
o the (104) and (012) facets of rhombohedral Bi, respectively
Figure S35 ). These lattice spacings are well consistent with
he theoretical values of rhombohedral Bi, indicating that no
train was experienced for the Com-Bi catalyst during the CO2 RR
rocess. In contrast, the HAADF-STEM images of the TS-BiNs
atalyst after the CO2 RR process show a lattice spacing of 3.41 Å,
hich can be assigned to the (012) facet of rhombohedral Bi. The
alue is 0.13 Å larger than the standard value of 3.28 Å, indicating
 lattice expansion rate of approximately 4% (Figure S36 ). The
esults of XRD and HAADF-STEM analyses provide strong
vidence that tensile strain persists in the TS-BiNs nanosheets
hroughout the CO2 RR process. 

.4 Production of Pure HCOOH Solutions 

iven the inherent issue of product-electrolyte mixing in the
onventional flow cell, we demonstrated that in the SSE reactor
onfiguration, TS-BiNs catalysts can efficiently convert CO2 to
ure HCOOH, circumventing complex product separation and
urification processes and eliminating concerns about salt accu-
ulation. Figure 4a and Figures S37 and S38 show the schematic
eaction mechanism, photographs of the SSE reactor, and the
iddle layer. Electrochemical investigations revealed that the TS-
iNs catalyst exhibited much lower cell voltages than did the
ristine Com-Bi catalysts at identical current densities (Figure
39 ). This result underscores the superior ability of TS-BiNs to
onvert CO2 to HCOOH, which is consistent with the flow cell
esults. Notably, at a cell voltage of 4.23 V (without iR correction),
he TS-BiNs catalyst can exceed 200 mA cm− 2 , whereas Com-Bi
eached only 125 mA cm− 2 even above 4.25 V (Figure 4b ). The TS-
iNs catalyst maintained a high FE for HCOOH solution across
 wide range of current densities at a flow rate of 15 mL h− 1 .
pecifically, the highest FE reaches 88% at 25 mA cm− 2 . At 150 mA
m− 2 , an FE of 72% for HCOOH is achieved, with a corresponding
COOH partial current density of 108 mA cm− 2 (Figure 4c ; Figure
40 ). Nuclear magnetic resonance (NMR) spectra unequivocally
dvanced Science, 2026
confirmed that HCOOH was the sole liquid phase product (Figure
S41 ). The relationship between energy efficiency (EE) and current
density reveals that TS-BiNs achieve a maximum EE of 51% at
25 mA cm− 2 . Furthermore, the system maintains an EE of 34%
at a higher current density of 100 mA cm− 2 (Figure S42 ). 

One prominent advantage of the SSE reactor is the precise
control of the concentration of pure HCOOH solution by mod-
ulating the flow rate of deionized water (Figure 4d ) [ 37 ]. By
decreasing the deionized water flow rate (1 mL h− 1 ), a high
HCOOH concentration of 1538 m M (approximately 7.1 wt.%)
can be achieved during CO2 -to-HCOOH conversion at a high
current of 400 mA. At a flow rate of 120 mL h− 1 , the FE
of HCOOH approaches 97%. The decrease in FE at elevated
concentrations stems from thermodynamic suppression of CO2 
conversion and potential HCOOH crossover through the Nafion
membrane during anode oxidation, a phenomenon analogous
to direct formic acid fuel cells [ 15, 55, 56 ]. Remarkably, the
developed system also demonstrated exceptional stability dur-
ing continuous CO2 RR. At a fixed current of 400 mA and a
deionized water flow rate of 30 mL h− 1 , the system remained
operational for 100 h, producing approximately 3 L of 0.18 M
pure HCOOH solution ( > 60% FE) with negligible change in
the cell voltage (Figure 4e,f ; Figure S43 ). The measured pH of
2.19 for the pure HCOOH solution was in excellent agreement
with the theoretical value of 2.2 using a pH meter (Figure
S44 ). Moreover, the system was validated to stably produce
different concentrations of HCOOH solution at various flow rates
(Figure 4e ; Figure S45 ). When the deionized water flow rate
in the middle layer was reduced to 25 and 20 mL h− 1 , pure
HCOOH solution with concentrations of approximately 0.25 M
( > 60% FE) and 0.3 M ( > 70% FE) was obtained at the same
current of 400 mA. Moreover, the system maintained stable
operation for over 80 h, during which no significant voltage
fluctuations were observed. The excellent stability of the TS-
BiNs catalyst should be attributed to the strain-induced lattice
tension and the formation of nanosheet structures, which help
prevent the aggregation and deactivation of active sites during
long-time operations. Importantly, TS-BiNs exhibit remarkable
advantages over recently reported state-of-the-art catalysts in
key performance indicators for CO2 reduction to pure HCOOH
(Figure 4g ; Table S3 ). Not only do they outperform existing
catalysts in operable current density and stability duration, but
they also demonstrate excellent performance in the production
of pure HCOOH at different concentrations. Additionally, we
conducted a TEA to assess the economic viability of this process
using methodologies established in previous reports [ 5, 39, 55 ]
(Note S1 ). According to performance data of the SSE reactor
for CO2 -to-HCOOH conversion, the estimated production cost
is approximately $236.89 per ton of HCOOH, significantly lower
than the current market price of $956 per ton, demonstrating
very strong economic competitiveness (Figure 4h ; Table S4 ).
The cost breakdown includes raw materials, electricity (32.45%),
electrolyzer, catalyst, maintenance, and other expenses. With the
development of renewable energy sources, electricity costs are
expected to decrease further. Additionally, recycling and using
the high-purity oxygen generated at the anode could reduce the
cost by an additional $17.93 per ton. As a result, the actual total
cost of this process can be reduced to around $218.96 per ton,
representing a 77% reduction compared to the current market
price. 
7 of 13
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FIGURE 4 Electrosynthesis of pure HCOOH solutions in a solid-state electrochemical CO2 RR reactor (4 cm2 ). (a) Schematic illustration of the 
CO2 RR in the SSE reactor for continuous production of a pure HCOOH solution. (b) The I –V curves of the TS-BiNs and Com-Bi catalysts (without iR 
correction). (c) FE and partial current density of HCOOH at different current densities for the TS-BiNs catalyst (flow rate at 15 mL h− 1 ). (d) Dependence 
of the concentration of the HCOOH product on the flow rate under a fixed overall current of 400 mA. (e) Long-time stability test and the corresponding 
FE of TS-BiNs for continuous CO2 RR to HCOOH solution at 400 mA (flow rates of 30 mL h− 1 (up) and 20 mL h− 1 (down)) (without iR correction). 
(f) Photographs of 3 L of 0.18 M formic acid solution (pH 2.2) obtained from long-time electrolysis. (g) Comparison of the electrochemical CO2 RR 
and HCOOH performance of TS-BiNs with those of recently reported novel catalysts. For more detailed information, please refer to Table S3 . (h) The 
subdivided cost of the entire process for HCOOH electrosynthesis from CO2 . 
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FIGURE 5 In situ electrocatalytic mechanism studies. (a) Schematic diagram of the electrochemical online DEMS test. (b) Multi-potential steps 
curves and DEMS ion current signals over the TS-BiNs catalyst in a 1.0 M KHCO3 electrolyte. (c) Schematic depiction of the in situ Raman spectroscopy 
test. In situ Raman spectra and the corresponding contour images for (d, e) TS-BiNs and (f, g) Com-Bi at different potentials. 
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.5 In Situ Mechanism Studies 

e systematically analyzed the electroreduction reaction path-
ay and the kinetic behavior of intermediates over the TS-BiNs
atalyst in the CO2 RR process using online differential electro-
hemical mass spectrometry (DEMS) and in situ electrochemical
aman spectroscopy. To identify the reaction intermediate and
nset potential of TS-BiNs during the CO2 RR, DEMS was
mployed to monitor key mass-to-charge ratio (m/z) signals in
eal time (Figure 5a ; Figure S46 ). During the chronoamperometry
ests, the synchronous evolution of m/z = 2 (H2 ), 28 (CO), 44
a decomposition product of CO2 /HCOOH), 45 (HCOO− ), and
6 (HCOOH) signals was observed (Figure 5b ; Figure S47 ) [ 22,
7 ]. Multi-potential step analysis revealed a voltage-dependent
ncrease in the m/z = 45 signal intensity, which unambiguously
orresponds to the * OCHO intermediate, thereby providing direct
vidence for both the formic acid production pathway and the
ersistent presence of this key intermediate during the CO2 RR. As
hown in Figure 5b , when the potential reaches − 0.2 V, the m/z
 45 signal significantly fluctuates, whereas the m/z = 2 signal is
dvanced Science, 2026

e

barely detectable, indicating the initiation of HCOO− generation.
This confirms a low onset potential and high selectivity for
HCOO− production on TS-BiNs. 

In situ Raman spectroscopy uncovered the potential-dependent
evolution of intermediates (Figure 5c ; Figure S21 ). From OCP to
− 0.5 V, the peak at 1350 cm− 1 (attributed to the O ─C ─O vibration
of the * OCHO intermediate) increased significantly, whereas
the adsorption peak of CO3 

2 − at 1064 cm− 1 weakened from
− 0.4 to − 0.5 V, indicating that the CO2 activation step inclined
toward the * OCHO intermediate pathway (Figure 5d,e ) [ 51, 58,
59 ]. TS-BiNs achieved maximum adsorption at − 0.5 V. Notably,
when the potential shifted negatively to − 0.6 V, the intensity
of the * OCHO vibration peak began to decline, suggesting an
acceleration of the intermediate desorption process. In contrast,
the Com-Bi catalyst exhibited an * OCHO coverage peak integral
area at − 0.6 V that was 3.36 times larger than that of TS-BiNs at
− 0.5 V, indicating excessive adsorption that hinders subsequent
desorption (Figure 5f,g ; Figure S48 ). The tensile strain in TS-BiNs
optimizes intermediate adsorption-desorption kinetics, enabling
9 of 13
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FIGURE 6 DFT calculations. Gibbs free energy diagrams for CO2 RR to HCOOH and CO on (a) Bi (012) and (b) Bi (012) with tensile strain models. 
(c) The p band center of index44 Bi atom for Bi (012) and Bi (012) with tensile strain models, where the index44 Bi atom is the active site for * OCHO. 
(d) Crystal orbital hamilton population between index44 Bi and O of * OCHO on Bi (012) and Bi (012) with tensile strain models. (e) The charge density 
difference of OCHO* on Bi (012) and Bi (012) with tensile strain models, the yellow and cyan areas represent electron accumulation and depletion, 
respectively. (f) Gibbs free energy diagrams for the HER on the Bi (012) and Bi (012) with tensile strain models. 
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ctivity loss at high current densities. 

.6 DFT Calculations 

o elucidate the role of tensile strain in enhancing CO2 -to-
COOH conversion on bismuth catalysts, we performed density
unctional theory (DFT) calculations using a four-layer Bi (012)
odel based on experimental structural data (Figures S33–
36 ). In the actual CO2 RR process, the competing intermediates
 OCHO and * COOH correspond to the reaction pathways for
he conversion of CO2 -to-HCOOH and CO, respectively [ 60 ].
igure 6a,b display the detailed Gibbs free energy diagrams for the
O2 RR on Bi (012) and Bi (012) with the tensile strain model, and
he corresponding structural model is presented in Figures S49–
52 . CO2 coupled with protons and electrons can form * COOH,
here H is bound to the O of the CO2 molecule, or * OCHO,
here H is bound to the C of the CO2 molecule. The formation
f * COOH is an endergonic process with ΔG of 1.12 eV on Bi (012)
nd 1.08 eV on Bi (012) with tensile strain, which is significantly
reater than * CO formation/desorption, thus serving as the rate-
etermining step (RDS) of CO2 to CO conversion. The formation
f * OCHO on Bi (012) is an uphill process requiring an energy
nput of 0.73 eV, which is much higher than that of Bi (012)
ith a tensile strain (0.56 eV). The subsequent desorption process
ccurs spontaneously, indicating that tensile strain engineering
avours the adsorption of * OCHO while lowering the reaction
0 of 13
energy barrier, thereby enhancing the selectivity for HCOO− . In
addition, the ΔG of * OCHO formation on both Bi (012) and Bi
(012) with tensile strain is substantially lower than that of * COOH
formation, indicating that the first protonation of CO2 is more
energetically favored along the * OCHO path and preferential
HCOOH production over CO formation. This result is consistent
with previous literature on formic acid selectivity over Bi [ 19, 28,
50 ]. In short, Bi (012) is more likely to produce HCOOH compared
to CO, and the strain engineering effectively reduces the ΔG
of * OCHO formation, thereby enhancing the activity of CO2 -to-
HCOOH conversion. The above results can be well confirmed
by experiments, with only a small amount of CO detected in the
experiments. 

To probe the tensile strain-induced enhancement in intermediate
adsorption capacity, we calculated the p-band center ( εp ). A
more positive εp correlates with stronger adsorption capacity.
Figure S53 displays the εp of Bi atoms on Bi (012) and Bi (012)
with tensile strain. The applied strain shifted the εp from − 0.64
to − 0.51 eV, which theoretically favors the stabilization of key
reaction intermediates. Since * OCHO intermediate bonds with
the specific Bi atom at the active site (denoted as index44
in our structural model), we calculated the p-band center
of the index44 Bi atom (Figure 6c ). The results demonstrate
that the p-band center of the index44 Bi atom with strain
is closer to the Fermi level than the unstrained atom. This
essentially explains the strengthened adsorption of CO2 -related
intermediates. 
Advanced Science, 2026
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n addition, we calculated the integrated crystal orbital Hamilton
opulation (ICOHP), a quantitative metric of chemical bond
trength. The more negative the ICOHP value, the stronger the
ond strength between atoms is. Figure 6d shows that the O ─Bi
ond of Bi (012) with tensile strain exhibits more negative ICOHP
alues ( − 2.07 eV) compared to Bi (012) ( − 1.95 eV), accounting
or its lower ΔG value of OCHO formation. Furthermore, we
nalyzed the charge density difference for * OCHO with the
i (012) and Bi (012) with tensile strain. The larger electron
loud corresponds to enhanced electron transfer between the
atalysts and the * OCHO intermediate. Bi (012) with tensile
train possesses the larger electron cloud, indicating a stronger
nteraction with the * OCHO intermediate. This is quantita-
ively verified by Bader charge analysis, which revealed that
ndex44 Bi of Bi (012) with tensile strain loses more electrons
0.48 e ) to * OCHO compared to index44 of Bi (012) (0.44
 ) (Figure 6e ). Furthermore, HER, as a side reaction, needs
o be studied to reflect the real catalytic performance. The
ibbs free energy diagram of the HER shows that the Bi
012) with tensile strain displays weak adsorption of * H with
 significantly positive ΔG of 1.05 eV (Figure 6f ), indicating
ffective suppression of HER, which is well consistent with
uch lower H2 FE of TS-BiNs for CO2 RR tests in a flow
ell. The relevant configurations are shown in Figure S54 .
n summary, introducing tensile strain onto the Bi (012) can
trengthen the adsorption of key intermediate (* OCHO) and
ower the ΔG of the PDS, thereby boosting CO2 RR activity.
oncurrently weakening H binding suppresses HER and achieves
igh selectivity for HCOOH production. These findings align
ith and clarify experimental observations of the enhanced CO2
eduction performance of Bi catalyst with tensile strain, that is,
S-BiNs. 

 Conclusion 

e successfully synthesized a scalable TS-BiNs catalyst through
all milling and carbonization restructuring of commercial Bi2 O3 ,
vercoming the performance bottleneck in CO2 electrocatalysis
nd enabling efficient production of high-concentration pure
COOH solutions in the SSE reactor. The combination of
he electronic modulation from tensile strain and high-density
dge sites from the nanosheet morphology endows the catalyst
ith outstanding CO2 -to-HCOOH conversion capability. The
S-BiNs catalyst exhibits exceptional performance, achieving
ver 92% FEHCOO − at − 1000 mA cm− 2 and enabling continu-
us production of high-purity HCOOH solutions (0.18–0.3 M )
ver 100 h at an industrially relevant current (400 mA) in
SE reactors. TEA analysis confirms that this process can
educe costs to $218.96 per ton HCOOH, representing a 77%
eduction compared to market prices. In situ studies and
FT calculations revealed that lattice expansion tensile strain
ecreases the Gibbs free energy for the formation of the
 OCHO intermediate and reduces its activation barrier. This
ensile strain simultaneously maintains high energy barriers
gainst competing pathways, leading to CO and H2 produc-
ion, ensuring high HCOOH selectivity. This study effectively
ridges the gap between fundamental catalyst/reactor design
nd industrial CO2 utilization, significantly contributing to
he development of sustainable electrochemical manufacturing
echnologies. 
dvanced Science, 2026
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