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Abstract 

We report a unique 2D bismuth metal-organic framework (Bi-MOF) that possesses 

permanent accessible porosity for efficient electrochemical CO2 reduction (ECR) to 

HCOOH. The 2D open-framework structure with helical Bi-O rods bridged by tritopic 

carboxylate ligands exhibits a remarkable Faradaic efficiency for HCOOH formation 

over a broad potential window, reaching 92.2% at ~ –0.9 V (vs. reversible hydrogen 

electrode) with excellent durability over 30 h. The mass-specific HCOOH partial 

current density is up to 41.0 mA mgBi
−1, exceeding 4 times higher than that of 

commercial Bi2O3 and Bi sheets at ~ –1.1 V. Operando and ex-situ X-ray absorption 
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fine structure spectroscopy revealed a structural feature associated with Bi-MOF to 

preserve Bi(3+) during and after long-term ECR. Theoretical calculations further 

showed that the crystallographically channels with abundant Bi active sites in the MOF 

structure favor the formation of *HCOO while suppressing the parasitic hydrogen 

evolution reaction, thereby leading to the high selectivity for HCOOH. 

Keywords: CO2 reduction; Electrocatalyis; Metal-organic framwork; Bismuth; Formic 

acid 

 

1. Introduction 

Electrochemical CO2 reduction (ECR), powered by renewable electricity, offers a 

promising approach to convert undesirable and cost-free CO2 into fuels and commodity 

chemicals [1-8]. This prospect can also address storage issues for intermittent energy 

resources, thereby enabling a carbon-neutral energy cycle. However, CO2 is 

thermodynamically very stable, which necessitates high electrical energy input and 

poses further challenges associated with reaction selectively to convert CO2 into a 

specific product of interest. In addition, nucleophilic attack at least one of the C atoms is 

required to bend the linear O=C=O bond [9-11]. Moreover, promotion of simultaneous 

transfer of electrons and protons in pairs is essential to obviate the formation of CO2
•− 

and promote CO2 reduction. Furthermore, stabilization intermediates of CO2 reduction 

could potentially limit the number of transitions involving electron and proton 

transitions [12,13]. Among the value-added products, formic acid (HCOOH) holds 

promise as a hydrogen energy carrier and feedstock for direct HCOOH fuel cells. Great 

efforts have been attempted to screen and design materials for the electrocatalytic 

reduction of CO2 to HCOOH/HCOO− [14-17], however, the development of active, 
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selective, stable yet cheap electrocatalysts in natural abundance remains an ongoing 

challenge for wide commercialization of this technology.  

Sp post-transition metals with a d10 electronic configuration such as Pd, In, Sn, Hg, 

and Pb have been demonstrated to favour the formation of HCOOH/HCOO− owing to 

their weak adsorption capacities for CO2
•− [18,19]. However, the conversion rate and 

stability of the most electrocatalysts reported thus far are far from satisfactory [20,21]. 

Bismuth (Bi) is regarded as an attractive metal for ECR because of its cost-

effectiveness, earth abundance, nontoxicity, and low activity for the hydrogen evolution 

reaction (HER) that is the competing reaction during ECR at all negative potentials. 

Nanostructuring of Bi to form nanosheets [22], single sites [23], and nanocomposites 

[24-27] has been shown to enhance ECR by providing more exposed surface active sites 

than their bulk counterparts. Especially, metal-organic frameworks (MOFs) with 

unsaturated metal sites show a potential in trapping CO2, thus facilitating concentrated 

CO2 at the electrode surface, which is beneficial for overcoming mass transfer limitation 

due to low CO2 solubility and improving the electrochemical CO2 conversion turnover 

frequency [28-31]. The linker species in the MOF structure can also modify the 

adsorption behaviours of water and CO2 reduction intermediates, providing the 

opportunity for fine-tuning the ECR selectivity. Nevertheless, there are very few reports 

on the application of MOFs in ECR and therefore deserves a through exploration of Bi-

based MOF. Herein, we design and synthesize highly efficient ECR to produce 

HCOOH over a helical rod-based Bi-MOF with crystallographically independent 

channels, affording a Faradaic efficiency (FE) of up to 92.2% at an applied potential of 

~ –0.9 V (vs. reversible hydrogen electrode, RHE) under ambient conditions. The FE 

for HCOOH formation was over 85.0% through a wide range of potentials from ~ –0.8 
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to ~ –1.1 V (vs. RHE). However, the HCOOH partial current density increased with 

overpotential, reaching 15.0 mA cm-2 at ~ –1.1 V (vs. RHE). Moreover, HCOOH partial 

current densities were also found to be dependent on the type of electrolyte medium, 

which proportionally increased with electrolyte pH while maintaining consistent 

HCOOH FEs of above 90.0%. The highest HCOOH partial current density (of 14.0 mA 

cm-2) was observed at a low overvoltage of 0.61 V in 1 M KOH solution. The electronic 

structure evolution of Bi in the MOF structure during and after ECR is further studied 

using in-situ and ex-situ X-ray absorption fine structure spectroscopy, respectively. 

Furthermore, density functional theory (DFT) calculations provide an insight into the 

reaction pathways and key intermediates responsible for the high ECR activity and 

HCOOH selectivity of the Bi-MOF. 

 

2. Experimental 

2.1. Reagents and materials  

All chemicals used in this work were of analytical grade and used without further 

treatments. Anhydrous methanol, isopropanol (IPA), 1,3,5-benzenetricarboxylic acid 

(H3BTC), Bi powder, terephthalic acid (TPA), 2-aminoterephthalic acid (ATPA), N, N-

dimethylformamide (DMF), acetonitrile (MeCN), and 2,5-dichloroterephthalic acid 

(DCTPA) were obtained from Aladdin. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), 

1,3,5-tri (4-carboxyphenyl) benzene (H3BTB), biphenyl-3,3’,5,5’-tetracarboxylic acid, 

and bulk Bi2O3 were purchased from Macklin. Carbon black was provided by Beijing 

Chemical Reagent Company. Nafion solution (5.0 wt%) was supplied by Sigma-Aldrich 

and Nafion membranes were provided by Alfa Aesar. Deionized water (18.2 

megohm∙cm) was obtained from a Millipore system. Carbon dioxide gas (99.999% 
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purity) and argon gas (99.999% purity) were both provided by Beijing Haipu Gas 

Company. Ltd. 

 

2.2. Preparation of Bi-MOF (CAU-17) 

150 mg of Bi(NO3)3·5H2O and 750 mg of H3BTC were added into 60 mL of 

anhydrous methanol in a round-bottom flask at room temperature under magnetically 

stirring for 30 min. The homogeneous mixture was then transferred into a Teflon-lined 

steel reactor (100 mL) which was sealed and heated at 120 ºC for 24 h. The resulting 

white powder was collected by filtration and washed with methanol. After drying in an 

oven at 60 ºC for 3 h, the final product was obtained. 

 

2.3. Characterization 

X-ray powder diffraction (XRD) was performed with a D/MAX-RC diffractometer 

operated at 30 kV and 100 mA with Cu Kα radiation. XPS experiments were carried out 

using Thermo Scientific ESCALAB 250Xi instrument. The instrument was equipped 

with an electron flood and scanning ion gun. All spectra were calibrated to the C 1s 

binding energy at 284.8 eV. Scanning electron microscopy (SEM) was carried out using 

a field emission microscope (JEOL JSM-7800F) operated at 5 kV. High-angle annular 

dark-field scanning TEM (HAADF-STEM) was conducted using a JEOL ARM200 

microscope with 200 kV accelerating voltage. STEM samples were prepared by 

depositing a droplet of suspension onto a Cu grid coated with a Lacey Carbon film. 

Nitrogen adsorption/desorption measurements at 77 K were performed on a 

Micromeritics ASAP2460 to obtain pore properties such as the specific surface area, 
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total pore volume, and pore size distribution. The sample was degassed at 180 °C for 10 

h.   

X-ray absorption fine structure (XAFS) of Bi-MOF catalyst was studied in a home-

made three-electrode cell that was specifically designed for XAS analysis. This in-situ 

cell comprises of Bi-MOF (with catalyst loading of 1 mg/cm2) as working electrode 

(WE) while carbon electrode and reversible hydrogen electrode (RHE) were used as 

counter and reference electrodes, respectively. The cell designed to allow direct-

exposure of X-ray beam onto Bi-MOF catalyst (WE) through a transparent Kapton® 

window that was affixed at the beam-slit to contain liquid electrolyte. The cell was 

placed at 45° to the incoming X-ray beam for collecting XAS spectra in both 

fluorescent and transmission modes without interfering with other cell components and 

liquid electrolyte.  

CO2 pre-saturated 0.1 M KHCO3 electrolyte (flow rate 5 mL/min) was used for in-

situ electrochemical measurements while a constant CO2-bubbling was maintained (20 

sccm of CO2 gas) in the external electrolyte reservoir. Bi L-3 fluorescence data were 

collected by a Vortex ME4 detector using the fluorescence mode. Before each In-situ 

electrochemical XAS measurement, samples were kept at desired potentials for 15 min 

in order to reach interfacial-equilibrium and steady-state conditions. The ex-situ XAS 

measurements of before and after electrolyzed catalyst powders were collected in 

transmission mode. Data reduction and analysis were performed using Athena and 

Artemis software. The in-situ studies were conducted for extended X-ray absorption 

structure (EXAFS) fitting, Bi and Bi2O3 standards were used to obtain the amplitude 

reduction factor (σ0
2) values, which were further used to calculated other fitting 

parameters. 
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2.4. Electrochemical measurements 

Typically, 10 mg of a catalyst was dispersed in 2 mL of a solution containing 

isopropanol, deionized water, and Nafion solution (5.0 wt%) with a corresponding 

volume ratio of 100: 100: 1 under bath ultrasonication for 30 min to form a 

homogeneous ink. 200 μL of the dispersion was then loaded onto a carbon paper 

electrode with a size of 1 cm x 1 cm, which was then dried under ambient conditions. 

For linear sweep voltammograms in Ar- or CO2-saturated 0.1 M KHCO3 solution, 6 mg 

of a catalyst was dispersed in a mixture of ethanol (600 μL), deionized water (600 μL), 

and Nafion solution (5.0 wt%, 600 μL). Subsequently, the mixture was ultrasonicated 

for 30 min to form a homogeneous ink. 7.95 μL of the dispersion was then deposited 

onto a glassy carbon electrode and dried under ambient conditions.  

Controlled potential electrolysis of CO2 was tested in an H-cell system, which was 

separated by a Nafion 117 membrane. Before ECR tests, the Nafion membrane was pre-

treated by heating in H2O2 aqueous solution (5.0%) and H2SO4 (0.5 M) at 80 °C for 1 h, 

respectively. Then the Nafion membrane was immersed in deionized water under 

ambient conditions for 30 min and then washed with deionized water. Toray Carbon 

fiber paper with a size of 1 cm × 1 cm was used as working electrode. Pt wire and 

Ag/AgCl electrodes were used as counter electrode and reference electrode, respectively. 

The potentials were controlled by an electrochemical working station (CHI 760E, 

Shanghai CH Instruments Co., China). Unless otherwise stated, all the potentials were 

iR-corrected by E (correction) = E (test) – I (test)×Rs. All potentials in this study were 

measured against the Ag/AgCl reference electrode (in KCl solution, 3.5 M) and 

converted to the RHE reference scale by  
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E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 + 0.0591 × pH                                     (Eq. 1) 

Electrocatalytic CO2 reduction was conducted in CO2-saturated KHCO3 solution (0.1 

M) at room temperature and atmospheric pressure. CO2 was purged into the KHCO3 

solution for at least 30 min to remove residual air in the reservoir, then controlled 

potential electrolysis was performed at each potential for 60 min. 

Linear sweep voltammograms in Ar- or CO2 atmosphere were carried out in a three-

electrode system using Ag/AgCl as reference electrode, Pt wire as counter electrode, 

and glassy carbon as working electrode on a CHI 760E potentiostat. Rotating disk 

electrode (RDE) experiments were run on an AFMSRCE RDE control system (Pine Inc., 

USA). The electrolyte is 0.1 M KHCO3 solution purged with Ar or CO2 over 30 min. 

 

2.5. Quantitative analysis of gaseous and liquid products 

The gas-phase product analysis for the electrochemical experiments was carried out 

using an Agilent 7890B gas chromatography (GC) system with two thermal 

conductivity detectors (TCD) and one flame ionization detector (FID). To characterize 

the gas product, 20 mL of produced gas in the dead volume of a gas bag (~ 2 L) was 

injected into the GC at identical experimental conditions (e.g., pressure, temperature, 

and time) using sample lock syringe. CO and H2 mole fractions of injected samples 

were calculated using GC calibration curve. After electrolysis process, electrolyte was 

collected to quantificationally analyze the amounts of liquid products (n in moles) by 

nuclear magnetic resonance (NMR, Bruker Avance III 400 HD spectrometer). NMR 

samples were prepared by mixing 0.5 mL of the product-containing electrolyte and 0.1 

mL DMSO-d6 as the internal standard. The concentration of formic acid was 

determined by the standard curve using various concentrations (0.5, 1.0, 2.0, 5.0, and 



 9 

10.0 mM) of formic acid and the internal standard. The linear relationship between the 

known formic acid concentration and relative area (vs. DMSO) was made into a 

standard curve (as shown in Supporting Information). The FE of products can be 

calculated via the following equation:  

FE = QHCOOH / Qtotal= (mF × n) / (I × t)                                                               (Eq. 2) 

where F is the Faraday constant (96485 C mol-1), n the number of moles for a given 

product, m (in number) the required electrons for the generation of one product 

molecule (e.g., formic acid, CO, H2 or hydrocarbons, etc.). The amount of charge (Q in 

Coulomb) passed to produce products during a period of reaction time was calculated. I 

(in ampere) is the constant current at an applied potential and t (in second) is the time 

consumed at the corresponding current during the electrolysis process. 

EE = FE(%) × ΔE0
HCOOH / ΔEHCOOH                                                                      (Eq. 3) 

where EE is the energetic efficiency, ΔE0
HCOOH represents the difference between the 

reference voltage for H2O oxidation and CO2-HCOOH reduction, and ΔEHCOOH 

corresponds to the  difference between the reference voltage for H2O oxidation and the 

applied potential over catalyst. 

 

3. Results and discussion 

3.1. Morphology and microstructure 

We used a facile one-step solvothermal method to prepare Bi-MOFs with tunable 

crystallinity and coordination environments via manipulation of reaction temperature 

and organic linker types. Fig. 1a shows the crystal structure of a Bi-MOF (CAU-17) 

constructed of tritopic linkers (1,3,5-benzenetricarboxylic acid, H3BTC). The XRD 

pattern of the as-synthesized sample is given in Fig. 1b, showing typical diffraction 
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peaks of CAU-17, reasonably consistent with the theoretical results [32,33], confirming 

the formation of a crystalline open-framework structure. The wide-scan X-ray 

photoelectron spectroscopy (XPS) survey spectrum indicates the spectroscopic features 

of Bi, O, and C (Fig. S1). As displayed in Fig. 1c, a spin-orbit split doublet with binding 

energies of Bi 4f7/2 at 159.0 eV and Bi 4f5/2 at 164.3 eV can be seen, corresponding to 

Bi3+ cations coordinated by nine oxygen atoms (eight oxygen atoms from the 

carboxylate species of the BTC3− and one coordinating oxygen atom from the terminal 

water molecule) in the MOF [33]. The O 1s peaks at 531.1 and 533.5 eV are attributed 

to Bi-O bond and the O in bismuth-oxo clusters of Bi-MOF, respectively (Fig. 1d). 

Shown in Fig. 1e are N2 adsorption-desorption isotherms of the Bi-MOF. A typical type 

I shape is observed according to the BDDT (Brunauer, Deming, Deming, and Teller) 

classification [34], where the sharp adsorption in the relative pressure (P/P0) range ≤ 

0.01 originates from significant microporosity of the MOF structure. The average pore 

diameter based on the desorption branch of the isotherm was determined to be about 0.8 

nm (inset of Fig. 1e), close to the accessible size of the hexagonal channels in the Bi-

MOF. The BET (Brunauer-Emmett-Teller) surface area and single-point total pore 

volume of the Bi-MOF are 316.8 m2 g-1 and 0.144 cm3 g-1, respectively. Notably, the as-

made Bi-MOF possesses a CO2 adsorption capacity of 33.0 mgCO2 gcat.
-1 at 298 K and 1 

atm, two times higher than that of the Bi sheets (Fig. 1f). Such remarkable adsorption of 

CO2 in Bi-MOF likely arises from the large number of hexagonal, rectangular, and 

triangular channels in its crystal structure with accessible diameters bigger than the 

molecule size of CO2. The superior CO2 uptake capability evidently facilitates the 

adsorption of a large amount of CO2 on the Bi-MOF catalyst surface, thus potentially 

promoting higher catalytic turnover.  
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Further morphological characterization by SEM, TEM together with energy-

dispersive X-ray  spectroscopy (EDS), and HAADF-STEM revealed that the Bi-MOF 

sample is made up of thin flakes that randomly stack on top of each other (Fig. 2 and 

Fig. S2). Shown in Fig. 2d is a transformed TEM image with different colors to 

manifest thickness distributions of the sheets. EDS elemental maps (Fig. 2b,f-h and Fig. 

S2d-f) along with EDS spectrum (Fig. S2g) confirm the uniform distribution of Bi, C, 

and O elements throughout the sheets. High-resolution TEM observation (Fig. 2i) and 

fast Fourier transformation (FFT) (inset of Fig. 2c) indicate good crystallinity of the 

MOF nanosheets. But the crystals are electron beam sensitive and would thus deform 

during TEM measurements. 

 

3.2. Electrocatalytic properties 

ECR is sensitive to operating conditions, such as the nature and properties of the 

electrocatalyst, electrolyte composition, and electrochemical cell type [26,35]. To assess 

the intrinsic catalytic properties of the as-prepared Bi-MOF, we conducted 

electrochemical CO2 reduction tests in CO2-saturated 0.1 M KHCO3 aqueous electrolyte 

(pH 6.8) using a reported design of liquid H-type cell separated by a cation-exchange 

membrane (Nafion 117) with continuous CO2 bubbling [36]. The gas-phase products 

were identified and quantified by gas chromatography. Liquid products in the solution 

formed during CO2 reduction were determined by proton nuclear magnetic resonance. 

All potentials here are referenced to the RHE scale unless specified otherwise. Shown in 

Fig. 3a are polarization curves of Bi-MOF in 0.1 M KHCO3 saturated with Ar or CO2. 

A reductive current is observed to increase sharply at potentials below  ~ –0.6 V, 

suggesting the predominant occurrence of CO2 reduction. The Bi-MOF exhibits over 
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two times higher current density in the CO2-saturated solution than that of HER from ~ 

–0.6 to  ~ –1.2 V recorded during Ar purging. In the potential range of  ~ –0.6 to  ~ –1.1 

V, both Bi-MOF and bulk Bi2O3 were found to suppress CO formation and the detected 

products are only HCOOH and H2, though trace amounts of CO were also identified for 

Bi sheets in CO2-saturated 0.1 M KHCO3. For experiments conducted in Ar-saturated 

0.1 M KHCO3 (CO2-free electrolyte), no HCOOH was detectable, confirming the 

selective electrosynthesis of HCOOH solely through the ECR. The Faradaic efficiencies 

for H2 and CO formation attained with the three catalysts are provided in Fig. S3. As 

illustrated in Fig. 3b, the conversion of CO2 to HCOOH over the Bi-MOF electrode 

begins at a potential of about ~ –0.6 V (with an HCOOH partial current density > 0.3 

mA cm-2) and increases to a maximum (92.2%) at  ~ –0.9 V, comparable to recently 

reported ultrathin Bi nanosheets [22], Bi nanoparticles on Sb nanosheets [24], and Bi2O3 

crystals [25] under similar overpotentials in an H-type cell. At wide applied cathodic 

potentials ranging from ~ –0.8 to ~ –1.1 V, HCOOH is generated in substantial 

quantities with FE surpassing 85.0%. In contrast, a significant drop in HCOOH yield 

occurs with increasing overpotential > 0.65 V for both Bi sheets and bulk Bi2O3 (Their 

XRD patterns, SEM, and TEM images are displayed in Fig. S4), affording FEs being 

less than 38.7% at ~ –1.1 V. Alternatively, HCOOH partial current density increased 

with the overpotential reaching as high as 15.0 mA cm-2 (41.0 mA mg−1 when 

normalized with Bi loading according to the formula of Bi-MOF, Bi9(C9H3O6)9(H2O)9 

[33]) at ~ –1.1 V. Given the corresponding energy-storing reaction and equilibrium 

potential (–0.225 V vs. RHE) [37], Bi-MOF delivers a remarkable cathodic energetic 

efficiency (EE) of about 63.0%. It is worthy to note that the onset potential, FE, partial 

current density, and EE of HCOOH across potentials tested in this study on Bi-MOF 
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substantially outperformed those of the commercial Bi sheets, Bi2O3, and pure carbon 

fiber support (Fig. 3b-d).  

 To further elucidate the superior activity of Bi-MOF, the electrochemical active 

surface area (ECSA), Tafel slope, and electrochemical impedance were studied [38]. 

The double-layer capacitance as an approximation of the ECSA indicated that Bi-MOF 

has significantly higher ECSA than that of both Bi sheets and Bi2O3 (Fig. S5), which is 

beneficial for HCOOH formation. Likewise, Bi-MOF exhibited a dramatically higher 

HCOOH formation with TOF of 526.9 h-1 at ~ –0.9 V, as compared to 86.5 and 28.4 h-1 

for bulk Bi2O3 and Bi sheets, respectively (Fig. 3e). The Tafel plots of CO2 reduction on 

the various catalysts, representing the kinetics of HCOOH formation and possible 

reaction mechanism are provided in Fig. 3f. The Tafel slope was 175.5 mV dec-1 for Bi-

MOF, lower than 186.3 mV dec-1 for Bi sheets and 250.4 mV dec-1 for bulk Bi2O3, 

indicating faster kinetics of the ECR on Bi-MOF compared to the other two catalysts. 

This also implies that the first electron transfer for the formation of *HCOO 

intermediate on the surface of the catalysts is the rate-determining step. The Nyquist 

plots in Fig. 3g manifest that Bi-MOF has lower charge transfer resistance (Rct) 

compared with the other two samples, favoring charge exchange between the catalyst 

and reactants in the electrolyte. 

The long-term performance of Bi-MOF was investigated at a constant potential of –

0.9 V for 10 h. The yield of HCOOH was found to increase monotonically with reaction 

time, indicating excellent stability of the catalyst (Fig. 3h). Alternated electrolysis 

cycling measurements between Ar- and CO2-saturated electrolytes show that the 

evolved HCOOH arises from the feed gas CO2 and is stable over 8 cycles (Fig. 3i). In 

addition, the Bi-MOF catalyst preserves its selectivity for HCOOH production and 
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shows stable reduction current even after 30 h of continuous potentiostatic electrolysis 

(Fig. 3j and Fig. S6). N2 adsorption-desorption measurements indicate that the 

microporosity of the Bi-MOF catalyst was largely retained regardless of electrolysis 

(Fig. S7). 

By modulating the solvothermal temperature, it was possible to regulate the ECR 

activity of the catalysts. The Bi-MOF catalyst synthesized at 120 °C was found to 

exhibit the best activity for ECR (Fig. S8). To probe the nature of the active sites in the 

Bi-MOF catalysts, a series of control experiments were performed (Fig. S9). The 

catalyst formed in the absence of a bismuth precursor showed very low ECR activity for 

HCOOH generation. This confirms the critical role of bismuth toward CO2 reduction to 

produce HCOOH. Similarly, the Bi2O3 sample obtained without the H3BTC ligand 

displayed partial ECR activity, but it was not as active as the Bi-MOF catalyst. This 

highlights the important role of the MOF structure during CO2 reduction, which can 

also be corroborated by the decay of ECR performance over the Bi-MOF annealed in 

argon at 700 °C for 2 h. When the H3BTC ligand was replaced with terephthalic acid 

(TPA), 2-aminoterephthalic acid (ATPA), 2,5-dichloroterephthalic acid (DCTPA), 

1,3,5-tri (4-carboxyphenyl) benzene, or biphenyl-3,3’,5,5’-tetracarboxylic acid, the ECR 

activity of Bi-MOFs all dropped, probably due to the reduction of the number of Bi3+ 

cations and coordinated anions in the asymmetric unit. Therefore, the highly efficient 

performance could result from a combined impact: 1) The highly exposed 2D structure 

with hierarchical porosity facilitated rapid mass transport; 2) Abundant intrinsic 

micropores confined CO2 molecules, ensuring sufficient local CO2 concentration for 

subsequent reduction; 3) The uniformly distributed and accessible Bi(3+) may have 

provided the major active sites toward CO2 activation and transformation.  
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The effect of the nature of the electrolyte on the ECR performance of the catalyst was 

examined in KHCO3 and KOH with different concentrations, as well as in the mixed 

electrolytes. Note that the HCOOH partial current density increases with the increase of 

the electrolyte concentration, approaching 14.0 mA cm-2 at ~ –0.9 V in 1.0 M KOH (Fig. 

3k), while the HCOOH FE remained essentially unchanged. Further, we found that the 

addition of halide (F–, Cl–, Br–, and I–) and SO4
2- ions in catholyte led to a drastic 

decrease of HCOOH FE. This may be associated with the strong adsorption of halides 

and SO4
2- on the surface of the Bi-MOF electrode, thus inhibiting the adsorption of K+ 

and CO2 on the cathode surface. Meanwhile, the potential difference of the dispersed 

layer in the electric double layer will increase owing to the increased amounts of the 

negative charge on the electrode surface. This favors the transport of polar water 

molecules instead of nonpolar CO2 molecules to the cathode surface, thereby promoting 

the competitive HER and hindering ECR. 

 

3.3. Operando and ex-situ X-ray absorption fine structure analysis 

X-ray absorption fine structure (XAFS) spectra of Bi-MOF at Bi L3-edge prior to 

electrocatalysis, during in-situ electrochemical CO2 reduction and in the aftermath of 10 

h electrolysis are compared in Fig. 4. Specifically, operando measurements (Fig. 4a-b) 

are provided to observe changes in electronic structure as a function of electrochemical 

bias and CO2 electroreduction time, while Fig. 4c-d portrays XAFS of Bi-MOF after 

long-term electrochemical CO2 reduction to investigate any post-electrocatalysis 

structural changes of the catalyst. Please refer to the experimental conditions in the 

Supporting Information for further details. Fig. 4a shows operando normalized X-ray 
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absorption near-edge structure (XANES) of Bi-MOF during CO2 electroreduction at 

OCV at ~ –0.9 V and another after 90 min of continuous bias at –0.9 V.  

XANES spectra of electrochemically biased Bi-MOF, both at OCV and at ~ –0.9 V 

juxtaposed with the XANES spectrum of Bi2O3 as reference confirms the overall 

oxidation state of Bi-MOF to be close to three (Bi3+). However, upon CO2 

electroreduction at ~ –0.9 V for 90 min, a slight but discernible negative shift in the Bi-

MOF XANES spectra was observed (inset in the edge-transition region of Fig. 4a). The 

results indicate that the oxidation state of Bi (Bi3+) remained apparently unchanged 

under the applied electrochemical CO2 reduction conditions. However, a further 

negative shift in the ex-situ XANES electrode was evident after a prolonged CO2 

reduction for 10 h, as shown in Fig. 4c. This shift is significant (2-3 eV negative 

compared to Bi2O3 reference) and indicates the partial reduction of Bi in the Bi-MOF 

catalyst. On the contrary, CO2 reduction based electrocatalysts of 2D Bi nanosheet [39], 

Bi2O3 nanotube [40], Bi2S3 rod-like branch [41], and 2D BiOBr [42] structures reported 

elsewhere were rather quickly and completely reduced from Bi(+3) to metallic Bi(0) 

upon only 1 h of a rather low electrochemical bias < –0.24 V (vs. RHE). Therefore, the 

MOF structure plays a critical role in maintaining Bi in the (+3) oxidation state during 

long-term electrochemical CO2 reduction. Moreover, higher selectivity and TOF along 

with lower Tafel slope observed for Bi-MOF when compared to Bi sheets and bulk 

Bi2O3 also attest to the unique ability of Bi-MOF to maintain its structure and oxidation-

state for long-term electrolysis. 

On the other hand, Fourier transform (FT) of EXAFS oscillations of all Bi-MOF 

based in-situ electrochemical measurements are presented in Fig. 4b. A high-intense 

signature peak near 1.6 Å corresponding Bi-O coordination sphere along with 
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oscillations around 3.6 Å associated with Bi-Bi coordination which experimentally 

corroborates the presence of the Bi3+ oxidation-state in Bi-MOF. The relative peak 

intensity of Bi-O oscillations slowly declined when the electrochemical potential 

changed from OCV to ~ –0.9 V and also after constant CO2 reduction for 90 min (at ~ –

0.9 V). Furthermore, FT oscillations of ex-situ electrodes of Fig. 4d depicts a much 

higher reduction in Bi-O oscillations (ca. 1.6 Å) along with the development of well-

defined Bi-Bi oscillations of metallic-Bi between 2.5 to 3.5 Å. This experimental 

evidence re-affirms the partial conversion of Bi-MOF from Bi3+ to Bi0 upon long-term 

CO2 reduction for 10 h. Provided in Table S1 is a summary of parameters of the sample 

including interatomic distances (R) and coordination numbers (N) obtained during 

EXAFS curve modeling based on ex-situ analysis of Bi-MOF electrodes. Consequently, 

the Bi-Bi coordination number of long-term electrolyzed Bi-MOF (3.7 ± 1.3) has 

significantly reduced compared with the pristine Bi-MOF electrode (6.2 ± 2.1). These 

experimental findings also well agree and complement XPS analysis provided in the 

previous section (Fig. 1d). 

 

3.4. Density functional theory calculations 

In our DFT calculations, we considered thermochemistry of the CO, HCOOH, and H2 

formation pathway, as shown in Fig. 5. We find that three binding sites behave similarly 

in terms of energetics (Fig. 5b). Notably, *COOH is an intermediate to form CO, but 

*COOH does not bind at the binding site (Fig. 5c). This indicates that *COOH is not 

formed from CO2 and H+, explaining the low selectivity towards deoxygenated species 

(e.g., CO, CH4, CH3OH). On the other hand, *HCOO, an intermediate for the formation 

HCOOH, reactively binds with 1.88 eV, which is in-line with the experimental 
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overpotential needed to observe the activity. Our calculations suggest that HER is 

suppressed over Bi-MOF, as the *H formation energy is 2.27 eV, 0.39 eV larger than 

*HCOO formation. Overall, these calculation results provide a rationale for the activity, 

selectivity, and overpotential trends of the Bi-MOF catalyst. 

 

4. Conclusions 

In summary, we have demonstrated a 2D porous Bi-MOF catalyst for highly active, 

selective, and stable electrochemical CO2 reduction under ambient conditions. A 

remarkable Faradaic efficiency of 92.2% for HCOOH formation was achieved at an 

overpotential of 0.65 V with an exceptional stability over 30 h. Operando and ex-situ 

synchrotron-radiation characterization and theoretical calculations suggested that the 

highly accessible Bi(3+) and the unique one-dimensional channels in the Bi-MOF 

played vital roles in the enhancement of CO2 adsorption and HCOOH conversion. This 

work highlights new possibilities for developing unique novel framework structures for 

efficient electrochemical CO2 reduction. 
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Figure Captions 

 

 

Fig. 1 (a) Schematic depiction of the formation of Bi-MOF. Bismuth−oxygen polyhedra 

shown in the MOF crystal structure are indicated in purple. (b) XRD patterns of Bi-

MOF and simulated Bi-MOF. Discrepancies in intensities and some positions may be 

attributed to the disordered guest species in the pores that have not been considered in 

the crystal structure model. (c) Bi 4f and (d) O 1s XPS spectra of Bi-MOF. (e) N2 
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adsorption/desorption isotherms of Bi-MOF. (f) CO2 adsorption isotherms of Bi-MOF 

and Bi sheets.  

 

Fig. 2 (a) Low-magnification TEM image Bi-MOF sheets. (b) EDS elemental map of 

overlay of Bi (red), C (green) and O (blue) over the region shown in image (a). (c) 

High-magnification TEM image of stacked Bi-MOF sheets. Inset: FFT of the image. (d) 
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Transformed TEM image of part c, showing thickness distributions of the sheets. (e) 

TEM image of Bi-MOF sheets and corresponding EDS maps of (f) Bi, (g) O, and (h) C. 

(i) HRTEM image of a Bi-MOF nanosheet. 

 

Fig. 3 (a) Linear sweep voltammetry (LSV) results of Bi-MOF in Ar- (blue line) or 

CO2- (red line) saturated 0.1 M KHCO3 solution with a scan rate of 5 mV s-1. The inset 

highlights the LSV curves in the potential range from ~ –0.2 to ~ –0.7 V. (b) HCOOH 

FEs, (c) HCOOH partial current densities, and (d) mass activities of Bi-MOF, Bi sheets, 

bulk Bi2O3, and carbon paper electrodes within a potential window of ~ –0.6 to ~ –1.1 

V in CO2-saturated 0.1 M KHCO3 solution. (e) TOFs and (f) Tafel plots for HCOOH 
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production, and (g) EIS spectra of Bi-MOF, Bi sheets, and bulk Bi2O3. (h) HCOOH 

yield against electrolysis time over Bi-MOF at ~ –0.9 V. (i) HCOOH FEs and 

corresponding partial current densities for Bi-MOF during cycles with an interval of 1 h 

in CO2- and Ar-saturated 0.1 M KHCO3 at ~ –0.9 V. (j) Current density and HCOOH 

FE of Bi-MOF during long-time electrolysis at ~ –0.9 V. (k) HCOOH FEs (column) 

and HCOOH partial current densities (grey ball) of Bi-MOF in various electrolytes with 

different concentrations. 
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Fig. 4 Comparison of Bi L3-edge X-ray absorption fine structure (XAFS) of Bi-MOF 

along with those for Bi metal and Bi2O3 as reference standards: (a) and (b) represent 

their respective XANES and Fourier transform of EXAFS spectrum as a function of 

electrochemical bias and with electroreduction time under in-situ electrochemical CO2 

reduction conditions. Whereas (c) and (d) reveal their corresponding ex-situ XAFS of 

Bi-MOF electrodes before and after CO2 electrocatalysis for 10 hours. 
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Fig. 5 (a) Simulated cluster representing Bi-MOF catalytic sites. Blue arrows show the 

binding sites of adsorbates. (b) Free energy diagram of hydrogen evolution reaction and 

formic acid formation. The ~ energy value indicates the average of the three binding 

sites. (c) Suggested reaction pathway. Each arrow indicates a reaction with an addition 

of an electron. *COOH, an intermediate for CO formation, does not bind. 
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to HCOOH.  




