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Abstract

Achieving high activity and stability at high current densities is critical in the practical
application of electrocatalytic CO, reduction (ECO,R). In this study, a fluorine-doped Bi,O,
electrocatalyst with oxygen vacancies (denoted as F-Bi,0,-O,) has been synthesized using
a Bi-based metal-organic framework as the sacrificial template. Catalyst characterizations
reveal that the fluorine doping induces results in lattice expansion and generates abundant
oxygen vacancies. The F-Bi,0;-O, catalyst delivers a formate Faradaic efficiency of 94% at
a current density of 300 mA cm2 and with stable performance for over 25 h in a flow cell.
Electrochemical kinetics analysis and in situ attenuated total reflectance Fourier transform
infrared spectroscopy establish a fluorine doping and oxygen vacancies synergy that
facilitates interfacial charge transfer, lowering the energy barrier for the formation of the
key *OCHO intermediate. The findings of this study offer an effective strategy for
modulating the electronic and geometric characteristics of metal oxide catalysts for
high-performance ECO,R.
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INTRODUCTION

Electrocatalytic CO, reduction (ECO,R) powered by renewable electricity represents a sustainable process
that mitigates greenhouse gas emissions in the production of value-added chemicals"*. Formate, as a target
reduction product, is recognized as a highly promising liquid hydrogen carrier and feedstock for direct
formic acid fuel cells, offering high volumetric capacity and economic viability!®”\. Consequently, the
development of efficient electrocatalysts for the selective conversion of CO, to formate at industrially
relevant current densities is a critical research goal. Bismuth-based materials have emerged as promising
candidates for formate production due to their non-toxicity, low cost and unique electronic structure that
stabilizes the key intermediate (*OCHO)"**\. In particular, bismuth(III) oxide (Bi,O,) has demonstrated high
intrinsic activity for formate generation""'?’. However, bulk Bi,O, catalysts are known to have a low electrical
conductivity, limited active site exposure and poor structural stability under reductive potentials. These
limitations result in low current densities and rapid decay in Faradaic efficiency (FE) during long-term
operation, particularly at high reaction rates and severe competition from the hydrogen evolution reaction
(HER)!"*! In order to overcome these obstacles, a simultaneous modulation of the electronic structure and

15,16)

morphological engineering is required to enhance both catalyst activity and durability"*"".

Defect engineering and heteroatom doping are effective strategies to optimize the intrinsic catalytic
properties of metal oxides"”?". Introducing oxygen vacancies (O,) can generate unsaturated coordination
sites that facilitate CO, adsorption and charge transfer'”>*’. Furthermore, doping with high-electronegativity
anions, such as fluorine, can induce strong charge polarization and lattice distortion”*!. In theory, the
incorporation of fluorine modulates the p-orbital electron density of Bi centers and optimizes the
intermediate binding energy while also promoting the formation of oxygen vacancies, creating a synergistic
environment for CO, activation®**. Moreover, the fabrication of catalysts from metal-organic frameworks
(MOFs) offers distinct structural advantages® . The inherent porosity and periodic metal centers that
characterize MOFs enable the synthesis of derivative oxides, which maximize the exposure of active sites and
facilitate mass transport at high current densities"*?.

In this study, we report the synthesis of fluorine-doped Bi,O, catalysts with abundant oxygen vacancies
(denoted as F-Bi,0,-0,) via the fluoride-assisted pyrolysis of a Bi-based MOF (denoted as Bi-MOF). The
optimized fluorine-doped Bi,O, catalyst for electrocatalytic CO, reduction provides a remarkable formate FE
of 94% at a current density of 300 mA cm™ in a flow cell operation. Fluorine doping causes Bi,O, lattice
expansion, generating more oxygen vacancies and enhancing the stability of the Bi*" active sites. A combined
theoretical simulation and experimental testing has demonstrated a synergism associated with oxygen
vacancies and fluorine doping that promotes the hydrogenation of the *OCHO intermediate with a
consequent efficient conversion of CO, to formate at industrial-grade current densities.

EXPERIMENTAL

Materials

Bismuth nitrate pentahydrate (Bi(NO,),-5H,0, 99.0%) was purchased from Tianjin Fengchuan Chemical
Reagent Technology Co., Ltd. 1,3,5-benzenetricarboxylic acid (H,BTC, 98%) was purchased from Shandong
Kexuan Biochemical Co., Ltd. Methanol (CH,OH, 99.5%) was purchased from Tianjin Xintebote Chemical
Co., Ltd. Sodium fluoride (NaF, 99.99%) was purchased from Shanghai McLyn Biochemical Technology Co.,
Ltd. Deuterium oxide (D,0, 99.9%) and dimethyl sulfoxide (DMSO, 99.9%) were purchased from Beijing
Innochem Science & Technology Co., Ltd. Sodium fluoride (NaF, 99.99%) was purchased from Shanghai
McLyn Biochemical Technology Co., Ltd. Ultrapure water was used in all the experiments with a resistivity
of 18.2 MQ-cm™. The gas diffusion layer (GDL, Sigracet 38 BC) was purchased from Wuhan Gaoshi Ruilian
Technology Co., Ltd. The anion exchange membrane (FAB-PK-130) was purchased from FuMA Technology
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Co., Ltd. A Nafion solution (5 wt%) was purchased from Suzhou Shengernuo Technology Co., Ltd.
High-purity argon (Ar, 99.99%), high-purity nitrogen (N,, 99.999%) and high-purity carbon dioxide (CO,,

99.999%) were used in all experiments. All the chemicals were used as supplied without further purification.

Catalyst preparation
Synthesis of Bi-MOF
Bi(NO,),-5H,0 (150 mg) and H,BTC (750 mg) were dissolved in methanol (60 mL) and stirred for 30 min.

The resulting solution was transferred into a 100 mL Teflon-lined autoclave and heated at 120 °C for 24 h.
After the reaction, the product was collected by centrifugation and washed with methanol.

Synthesis of F-Bi,0,-O,
A mixture of Bi-MOF (20 mg) and NaF (2 mg) was placed in a tube furnace, and heated to 450 °C for 6 h at
5 °C-min™ in air, and then cooled to room temperature to obtain F-Bi,0,-O..

Synthesis of 0.5F-Bi,0,-0,
The sample was synthesized using a similar procedure to that employed for F-Bi,0,-O,, but utilizing 1 mg
NaF.

Synthesis of 2F-Bi,0 -0,
The sample was synthesized using a similar procedure to that employed for F-Bi,0,-O,, but utilizing 4 mg
NaF.

Synthesis of Bi,O,-0,
The sample was synthesized using a similar procedure to that employed for F-Bi,0,-O,, without the inclusion
of NaF.

Synthesis of Bi,O,
Bi (NO,),-5H,0 (200 mg) was placed in a muffle furnace, and heated to 450 °C for 6 h at 5 °C-min"' in air.

The resulting product was cooled to room temperature to obtain Bi,O,.

Synthesis of F-Bi,O,
The sample was synthesized using a similar procedure to that employed for F-Bi,O,-O, substituting Bi-MOF
with Bi,O..

Characterization

X-ray diffraction (XRD) analyses were performed on a Bruker D8 ADVANCE X-ray diffractmeter with Cu
Ko radiation at 40 kV and 40 mA. Scanning electron microscopy (SEM) analyses were conducted using a
Hitachi S4800 microscope. Transmission electron microscope (TEM), high-resolution TEM (HRTEM) and
energy-dispersive spectroscopy were performed on a FEI TECNAI G2 F20 microscope. X-ray photoelectron
spectroscopy (XPS) analyses were carried out on a Thermo Scientific ESCALAB 250Xi unit equipped with an
Al-Ka X-ray excitation source. Nitrogen adsorption-desorption isotherm measurements were carried out on
a Micromeritics ASAP 2460 unit. Thermogravimetric analysis (TGA) was performed on a TA Q5000IR TGA
thermal analyzer. The chemical composition was determined by inductively coupled plasma optical emission
spectrometry (ICP-OES), using an Aglient 5110 unit. Electron paramagnetic resonance (EPR) spectra were
performed on a Bruker EMXplus 10/12 unit equipped with an Oxford ESR910 Liquid Helium cryostat.
Raman spectra were recorded on a Horiba LabRAM HR Evolution Raman microscope with a laser excitation
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source of 532 nm. In situ attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
analyses were performed on a Nicolet iS 50 spectrometer (Thermo Fisher) equipped with a liquid
nitrogen-cooled MCT detector. The liquid products were analyzed using a Bruker AVANCE NEO 600 MHZ
"H NMR spectrometer. The gaseous products were analyzed by gas chromatography (GC) using a GC-2014
chromatograph (Shimadzu Corporation, Japan). Electrochemical measurements were conducted using an
electrochemical workstation (CHI 1140D, Shanghai Chenhua Instrument Co., Ltd., Shanghai, China).

RESULTS AND DISCUSSION

The preparation of the F-Bi,O,-O, catalyst is illustrated in Figure 1A. The Bi-MOF precursor was synthesized
under solvothermal conditions, as confirmed by the XRD, SEM and TEM analyses
[Supplementary Figures 1-3]. The N, adsorption isotherm analysis establishes that the Bi-MOF has a porous
structure [Supplementary Figure 4]. The optimal pyrolysis temperature was determined by TGA conducted
in air [Supplementary Figure 5]. The TGA curve confirms that the organic ligands are completely
decomposed at 380 °C. Consequently, 450 °C was selected as the pyrolysis temperature to ensure a complete
removal of the organic components. The Bi-MOF was pyrolyzed with NaF at 450 °C to produce F-Bi,0,-O.,.
For comparison, three reference samples were considered, including the Bi-MOF-derived catalyst without
fluorine (denoted as Bi,O,-0O,), bulk Bi,O, obtained via direct calcination of Bi(NO,),-5H,0 and F-Bi,0O,
prepared by direct fluorination of Bi,O,. The XRD analysis reveals that F-Bi,0,-O_ and Bi,O,-O, exhibit
analogous structure features [Figure 1B]. Following fluorine doping, the (221) diffraction peak for F-Bi,O,-O,
is shifted slightly to a lower angle when compared with Bi,O,-O,, suggesting a lattice expansion due to the
incorporation of fluorine [Figure 1C]. This response may be attributed to the formation of oxygen vacancies
facilitated by fluorine doping, which results in a local lattice distortion. The SEM images demonstrate that
the Bi,0,-O, and F-Bi,O,-O, catalysts exhibit flake-like or granular morphologies with an intrinsic porosity,
whereas Bi,O, obtained from direct calcination forms larger (1-2 pm) aggregates
[Supplementary Figures 6-8]. The MOF-mediated synthesis generates higher surface areas for F-Bi,O,-O,
and Bi,0,-0, relative to pure Bi,O, [Supplementary Figure 9]. Selected-area electron diffraction (SAED)
patterns for Bi,O,-O, and F-Bi,0,-O, [Supplementary Figures 10 and 11] reveal that the (221) crystal plane is
the predominantly exposed facet of the Bi,O, phase. High-resolution TEM (HRTEM) images
[Figure 1D and E] show that the lattice spacing of the (221) planes increases from 0.32 nm in Bi,O,-O, to
0.34 nm in F-Bi,0,-O,, consistent with the lattice expansion observed in the XRD analysis. Moreover, the
bulk Bi,O, exhibits lattice fringes of 0.24, 0.34 and 0.27 nm, corresponding to the (330), (310) and (330)
planes, respectively [Supplementary Figure 12]. The elemental maps [Figure 1F] show a homogeneous
distribution of Bi, O and F elements in F-Bi,0,-O,. The content (6.66 wt%) of fluorine by the ion-selective
electrode measurement establishes a structural modulation due to fluorination. In addition, the elemental
maps of Bi,O0,-O, and Bi,O, demonstrate a uniform distribution of Bi and O elements

[Supplementary Figures 13 and 14].

The XPS measurements were conducted to determine the elemental chemical states of elements in the
as-synthesized catalysts. In the high-resolution Bi 4f spectra [Figure 2A and Supplementary Figure 15], the

two peaks at 158.6 and 163.8 eV are assigned to Bi 4f , and Bi 4f,, spin-orbit, respectively"™*. Following

/2
fluorine doping, the Bi peak is shifted by 0.1 eV to a lower binding energy, primarily due to the introduction
of more oxygen vacancies by fluorine doping. This facilitates an efficient electron transfer to the metal
cations. The F 1s spectra exhibit a dominant peak at 685.7 eV, attributed to the Bi-F bond. The peak at
680.4 eV is assigned to the Bi 4p orbital of Bi** [Supplementary Figure 16]"*.. The O 1s spectra can be
deconvoluted into three peaks at 529.2, 530.8 and 532.3 eV, that correspond to the lattice oxygen (Bi-O),
oxygen vacancies and adsorbed oxygen species, respectively [Figure 2B and Supplementary Figure 17]"*. The

quantitative analysis reveals that the concentration of oxygen vacancies increases from Bi,O, to Bi,0,-O,,
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Figure 1. (A) Schematic diagram of the catalyst synthesis. (B) XRD patterns of Bi,O,-O, and F-Bi,05-O, and (C) the enlarged patterns. TEM
and HRTEM images of (D) Bi,O,-O, and (E) F-Bi,0,-0,. (F) Elemental maps for F-Bi,O,-O.,.

reaching the highest level in F-Bi,0,-O, [Supplementary Figure 18]. The introduction of oxygen vacancies
serves to modify the local Bi electronic environment, promoting CO, adsorption and activation. These
findings are confirmed by the EPR analysis where the signal at g = 2.003 [Figure 2C] is associated with the
presence of oxygen vacancies which are generated by fluorination”**). In addition, the Raman spectra
[Figure 2D] show that the peaks located at 95, 127 and 461 cm™ are assigned to the vibration of Bi-O bonds
for Bi,0,"*!. Collectively, these results confirm that fluorine doping results in lattice expansion while also
promoting the formation of oxygen vacancies, which establishes a defective and electronically modulated
structure that impacts the associated electrochemical properties.

The ECO,R performance of the Bi,O,, Bi,0,-O, and F-Bi,0,-O, catalysts was evaluated in a flow cell. Linear
sweep voltammetry (LSV) results reveal that all the catalysts have significantly higher current densities in a
CO,-saturated electrolyte than observed in an Ar-saturated electrolyte at identical potentials

[Supplementary Figure 19]. It should be noted that F-Bi,0,-O, exhibits the most pronounced response
[Figure 3A], suggesting a superior intrinsic ECO,R activity. Product analysis identifies formate as the

principal liquid product [Supplementary Figures 20-22]. While the three catalysts demonstrate high formate
selectivity at current densities below 200 mA cm?, the superior performance of F-Bi,0,-O, is evident under

high-current conditions. The FE associated with formate on F-Bi,0,-O, reaches 94% at a current density of
300 mA cm?, surpassing Bi,0,-O, (85%) and Bi,O, (45%) [Figure 3B]. Moreover, the F-Bi,O,-O, catalyst

maintains a superior formate partial current density across the entire potential range. The incorporation of
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Figure 2. XPS spectra of (A) Bi 4f and (B) O 1s for Bi,0,-O, and F-Bi,05-0,. (C) EPR and (D) Raman spectra for Bi,O0,-O, and F-Bi,0,-0.,,.

highly electronegative fluorine in F-Bi,0,-O, facilitates the stabilization of Bi*" as the active site, preventing
the recombination of lattice oxygen vacancies under reducing potentials. Consequently, the HER is
suppressed. At a total current density of 500 mA cm, the formate partial current density for F-Bi,0,-O,
reaches 443 mA cm?, approximately three times higher than that of Bi,O, (147 mA cm™) [Figure 3C]. In
evaluating the direct pyrolysis route using Bi,O, and NaF [Supplementary Figure 23], the results confirm that
the enhanced catalytic performance is related to the MOF-derived porous structure. Furthermore, the
F-Bi,0,-0, catalyst delivers higher formate selectivity and activity relative to 0.5F-Bi,0,-O, and 2F-Bi,0,-O,
with different levels of fluorine doping [Supplementary Figure 24]. Although the highly crystalline Bi-O
component in Bi,O,-O, serves as a key active site for promoting CO, to formate conversion, it fails to sustain
high selectivity and stability at elevated potentials. Fluorination effectively addresses this drawback by
generating Bi-F sites, which serve to optimize the reaction pathway and enhance formate selectivity. The
F-Bi,0,-0O, catalyst exhibits high durability, maintaining a formate FE greater than 90% during continuous

electrolysis for 25 h at a current density of 300 mA cm™ [Figure 3D]. Moreover, the F-Bi,0,-O, catalyst
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Figure 3. (A) LSV curves for Bi,0,, Bi,05-0, and F-Bi,0,-O, in a CO,-saturated T M KOH electrolyte at a scan rate of 5mV s. (B)
Current-dependent formate FE for Bi,O;, Bi,05-O, and F-Bi,0,-O,; the error bars represent the standard deviation of the mean of three
independent replicates. (C) Partial current densities for Bi,O,, Bi,O,-O, and F-Bi,0,-O, under different current conditions. (D) Stability of
F-Bi,O,-0, at a current density of 300 mA cm2

delivers a far superior partial current density and product selectivity at comparable potentials to previously
reported Bi-based electrocatalysts [Supplementary Table 1]. The XRD analysis confirms that the Bi,O,
component in the used F-Bi,0,-O, catalyst is maintained after the long-term CO, reduction tests
[Supplementary Figure 25]. The XPS analysis of the used F-Bi,0,-O, catalyst also confirms the presence of
Bi** species [Supplementary Figure 26A]. These results account for the high electrocatalytic stability. In
addition, the concentration of oxygen vacancies is unchanged following the reaction
[Supplementary Figure 26B]. The fluorine doping stabilizes the oxygen vacancies in the Bi,O, lattice under
reductive potentials, preserving catalytic activity. Furthermore, the SEM and TEM images reveal that the
catalyst retains its original morphology following electrolysis [Supplementary Figures 27 and 28].

The overpotentials at various current densities were systematically analyzed [Supplementary Figure 29] to
evaluate the influence of the local environment in modulating the reaction energy barrier. At a current
density of 100 mA cm?, the F-Bi,0,-O, catalyst requires a potential of -0.48 V (vs. RHE) to drive the CO,
reduction reaction toward formate production. In the high current density region (> 200 mA cm™),
F-Bi,0,-O, demonstrates lower overpotentials when compared with Bi,O,-O, and Bi,O,

[Supplementary Figures 30-32]. This suggests that the fluorine doping effectively reduces the activation
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energy barrier for CO, electroreduction. Electrochemical impedance spectroscopy (EIS) analysis
[Supplementary Figure 33] shows that F-Bi,0,-O, exhibits a smaller charge transfer resistance than Bi,O,-O,
and Bi,O,. This indicates an enhanced rate of interfacial charge transport, facilitating the rapid generation of
reaction intermediates. The electrochemically active surface area (ECSA) was assessed in double-layer
capacitance (Cdl) measurements [Supplementary Figure 34]". Both F-Bi,0,-O, and Bi,0,-O, exhibit higher
Cdl values than Bi,O,, which can be attributed to a greater dispersion and increased exposure of active sites
in the Bi,0,-O, materials [Supplementary Figure 35]. A Tafel analysis was performed
[Supplementary Figure 36] to gain a better understanding of the reaction kinetics. The Tafel slope for
Bi,0,-0O, (164.9 mV dec) is lower than that of Bi,O, (242 mV dec™), indicating that the oxygen vacancies
primarily enhance CO, activation. Moreover, F-Bi,0,-O, (151.5 mV dec™) exhibits the lowest Tafel slope,
demonstrating that fluorine doping serves to promote interfacial charge transfer. This synergistic integration
effectively reduces the energy barrier for key intermediate formation.

In situ ATR-FTIR analysis was employed to investigate the reaction intermediates associated with CO,
reduction over F-Bi,O,-O, [Figure 4A]. The spectra collected at applied currents ranging from -100 to
-500 mA, exhibit several distinct absorption features. The bands located at 1,623, 1,120 and 1,494 cm™ are
assigned to vibrational modes of H,O, adsorbed CO,*and dissolved CO.*, respectively!**!. The negative
band at 1,237 cm™ corresponds to *CO, adsorbed at the electrolyte-catalyst interface'*>**. The evolution of
this band with increasing current indicates an accelerated dissolution of adsorbed CO, and subsequent
conversion to *OCHO. This mechanism is consistent with the emergence of a characteristic fingerprint peak
for *OCHO near 1,397 cm™ and a progressive increase in intensity with increasing applied current***!. These
findings demonstrate that the formation of *OCHO as the key intermediate on F-Bi,O,-O, is highly
responsive to variations in current. Density functional theory (DFT) calculations were performed to
determine the source of enhanced catalytic activity. The (221) facet of Bi,O, was selected as the theoretical
model surface for both Bi,0,-O, and F-Bi,0,-O, based on the XRD and HRTEM results, where the (221)
reflection is identified as the primary facet. The fluorine atom substitutes the lattice oxygen, resulting in the
formation of Bi-F bonds and the generation of additional oxygen vacancies [Supplementary Figure 37]. The
density of states (DOS) for F-Bi,0,-0, exhibits the markedly higher electronic density near the Fermi level
compared to Bi,0,-O,, suggesting a superior electrical conductivity [Supplementary Figure 38]. As shown in
the projected density of states (PDOS) in Figure 4B, a significant overlap of F 2p, O 2p and Bi 6p orbitals
below the Fermi level indicates a strong interaction between F and Bi atoms. As a consequence of the high
electronegativity of fluorine, the p-band center of Bi is shifted positively (from -0.450 to -0.367 eV),
consistent with an increasing local electron density around Bi. The p-band center of O 2p is shifted to a
higher energy (from -3.137 to -3.076 eV). This enhances the reactivity of oxygen sites and lowers energy of
oxygen vacancies formation. The modified electronic redistribution optimizes the adsorption strength of
reaction intermediates on Bi sites, leading to an enhanced catalytic activity.

The Gibbs free energy profiles for CO, reduction to formate and the corresponding intermediate adsorption
configurations were constructed to evaluate the reaction thermodynamics [Figure 4C,
Supplementary Figures 39 and 40]. The reaction pathway analysis identifies the conversion of the *OCHO
intermediate to formate as the rate-determining step (RDS)"". The calculations indicate that fluorine doping
serves to optimize the adsorption strength of the key intermediate. The Gibbs free energy of *OCHO on
F-Bi,0,-0, is 1.43 eV, compared with 1.56 eV on Bi,0,-O,. An optimized binding energy prevents an overly
strong interaction of the intermediates on the pristine surface, lowering the RDS energy barrier. The
theoretical findings confirm that fluorine doping acts as an electronic promoter and works synergistically
with oxygen vacancies to provide a thermodynamically favorable pathway for efficient formate production.
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Figure 4. (A) Insitu ATR-FTIR spectra of F-Bi,0,-0O, at different current densities. (B) PDOS for the Bi and O atomic p-orbitals in Bi,O,-O,
and Bi, O and F atomic p-orbitals in F-Bi,O,-0O,. (C) Gibbs free energy diagrams of the CO, to formate pathways on Bi,0,-O, and F-Bi,0,-0,

with the adsorption configurations of the corresponding intermediates.

CONCLUSIONS

In conclusion, we have designed and synthesized fluorine-doped Bi,O, catalysts with abundant oxygen
vacancies via a fluoride-assisted pyrolysis of Bi-MOF. The catalysts deliver an efficient selective conversion of
CO, to formate at industrial current densities. The combination of DFT calculations and experimental

measurements has established the role of oxygen vacancies in promoting CO, activation. Fluorine doping

optimizes the local electronic structure of Bi,O,, leading to a high-performance electrocatalytic generation of

formate. The findings of this work can inform the design of doped metal-based catalysts. Moreover, the
study offers new insights to the electrocatalytic reduction of CO, into value-added products.
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