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a b s t r a c t 

Zeolitic imidazolate frameworks (ZIFs) based electrocatalysts for CO2 reduction offer unique possibilities for de- 
veloping advanced materials for this reaction due to their ordered nanoporosity and pore environments, tunable 
characteristics and high affinity for CO2 . Still, they were not investigated sufficiently. In this study, we devel- 
oped a Bismuth nanodots embedded Zeolitic Imidazolate Framework-8 (BND-ZIF-8) electrocatalyst via a one-pot 
synthesis method for the electrochemical CO2 reduction reaction (eCO2 RR). Comprehensive spectroscopic and 
electrochemical characterization confirmed the successful integration of Bismuth into the ZIF-8 matrix. The elec- 
trocatalytic performance of the BND-ZIF-8 was assessed in multiple reactor typologies such as H-cell, flow cell, 
and membrane electrode assembly (MEA) setups. Remarkable differences in the performances in the three cell 
configurations are evidenced. Notably, the MEA configuration exhibited a marked enhancement in formate se- 
lectivity, achieving a Faradic efficiency (FE) of up to 91 % at a current density of − 150 mA cm‒2 . This work 
underscores the potential of Bi-ZIF-8 in advancing eCO2 RR while remarking on the crucial importance of the 
appropriate type of electrocatalytic experiments in assessing the material performance. 
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The development of novel advanced functional materials to reuse
O2 industrial emissions is still an open research question ( Xu et al.,
015 ; Zhao et al. 2020 ; Garba et al. 2021 ; Centi and Perathoner 2023 ;
sman et al. 2023 ). The electrochemical reduction of carbon diox-

de (eCO2 RR) stands out for its potential to transform chemical and
uel production while significantly contributing to climate change mit-
gation ( Morales-Guio et al. 2018 ; Wu et al. 2019 ; Li et al. 2020 ;

ang et al. 2020 ). Liquid products like formate (HCOO− )/formic
cid (HCOOH) are particularly attractive outcomes of eCO2 RR, of-
ering higher energy densities and easier storage and distribution
ompared to gaseous products ( Costentin, Robert and Savéant 2013 ;
rancke, Schille and Roemelt 2018 ; Abdinejad, Subramanian, Mot-
agh, Noroozifar, Duangdangchote, Neporozhnii, Ripepi, Pinto, Li, Tang,
t al. 2023 ). With an annual global production of approximately one
tons, formic acid supports a wide range of applications, including

hemical manufacturing, sanitation, textile processing, and antiseptics
∗ Corresponding author. 
E-mail address: muhammadu@kfupm.edu.sa (M. Usman) . 
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 Lee et al. 2015 ; Schiffer and Manthiram 2017 ). However, the perspec-
ive in the use of formic acid is of a fast increase in the market, be-
ng a promising hydrogen carrier due to its ability to remain in liq-
id form at ambient conditions, its high hydrogen density (53 g H2 per
itre of HCOOH), and its low toxicity ( Boddien et al. 2010 ). In addition,
ormic acid is a valuable feed for advanced fuel cells .( Shen et al. 2022 ;
uliman, Yamani and Usman 2023 ) 

Metal-organic frameworks (MOFs), ( Yaghi, Kalmutzki and
iercks 2019 ; Sathiyan et al. 2023 ; Usman and Suliman 2023 ;
uliman, Al Naji and Usman 2024 ) covalent organic frameworks (COFs),
 Alenazi et al. 2025 ) and bimetallic compounds ( Suliman et al. 2025 ;
sman et al. 2025 ) have been extensively studied for their potential

n eCO2 RR. MOFs, in particular, feature tunable porous structures
nd coordination networks that make them promising CO2 adsor-
ents and enhance mass transfer, which is advantageous for catalysis
 Furukawa et al. 2013 ; Sun et al. 2021 ). Among them, Zeolitic Imida-
olate Framework-8 (ZIF-8) is formed through the coordination of zinc
ons (Zn2 + ) with 2-methylimidazole (2mIm), creating a porous scaffold
5 
f Chemical Engineers (IChemE). This is an open access article under the CC BY 
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hat has attracted attention for energy conversion applications due
o its unique structure, stability, conductivity, and large surface area
 Troyano et al. 2019 ; Bergaoui et al. 2021 ; Askarisarvestani et al. 2022 ;
ong et al. 2024 ). 

The incorporation of imidazole-containing ligand-metal coordina-
ion has been shown to enhance charge density, thereby improving
he ability to bind and activate CO2 for reduction ( Zulkifli, Lim and
eh 2022 ). The synergistic effects of ZIF-8, and metal-based nanopar-
icles can further enhance catalytic efficiency in CO2 reduction
 Cho et al. 2023 ; Israr et al. 2024 ). Bismuth, in particular, is well-
nown for its selectivity towards formate production ( Deng et al. 2019 ;
ao et al. 2019 ; Fan et al. 2020 ; Yao et al. 2021 ; Abdinejad, Subra-
anian, Motlagh, Noroozifar, Duangdangchote, Neporozhnii, Ripepi,
into, Li and Tang 2023 ; Yang et al. 2023 ; Li et al. 2024 ;
ahbub et al. 2024 ). Although Bismuth and ZIF-based systems, along
ith organic ligand functionalization, have demonstrated significant
otential in electrocatalysis, there remains a need for further explo-
ation into incorporating high-density active metals onto ZIFs scaffold
or eCO2 RR. This could lead to the development of pre-catalysts with
mproved catalytic activity and selectivity, an area that remains under-
xplored. Furthermore, the performance of these catalysts in different
lectrolyzer configurations for eCO2 RR has yet to be comprehensively
nvestigated. 

In this work, we designed a high-dispersion, high density Bismuth
anodots incorporated into ZIF-8 for CO2 electroreduction to formate,
emonstrating promising activity and selectivity ( Jiang et al. 2023 ). Un-
ike previous studies, which primarily focus on multi-step reactions to
abricate Bismuth nanodots MOFs for eCO2 RR, our work introduces a
treamlined, one-step method for synthesizing Bismuth nanodots, en-
bling selective conversion of CO2 to formate. This approach eliminates
he need for complex post-treatment processes and enhances formate
electivity at low eCO2 RR overpotentials. The catalytic performance of
i-ZIF-8 was systematically compared with ZIF-8 across various elec-
rolyzer configurations, including H-cells, flow cells, and membrane-
lectrode assemblies (MEA). The results evidence the paramount role
f using the appropriate cell configurations in evaluating the electro-
atalytic performances and, thus, how assessing the performances of
he electrocatalytic materials cannot leave aside the role of the reac-
or/electrode configuration and the associated change in mass transfer
imitations. On the other hand, these evaluations also underscore the
conomic viability and practical potential of Bi-ZIF-8 for the electrocat-
lytic conversion of CO2 to formate. 

esults and discussion 

ynthesis and structural characterizations of bismuth nanodots on ZIF-8 

urfaces 

ZIF-8 nanoparticles were functionalized with Bismuth nanodots
hrough a reduction reaction to form Bi-ZIF-8. The process began by
ispersing Bismuth ions in ZIF-8 aqueous solution, followed by the ad-
ition of sodium borohydride (NaBH4 ) to the mixture. This step ef-
ectively reduced the Bismuth ions, leading to the formation of uni-
ormly distributed Bismuth nanodots (BND) on ZIF-8. This method en-
bled the synthesis of large quantities of Bismuth nanodots incorpo-
ated in the ZIF-8 (BND/ZIF-8) under mild conditions, eliminating the
eed for complex equipment or high-temperature processes (Figure
1), where the prefix S indicates data reported in the Supplementary
nfo. 

High-resolution transmission electron microscopy (HRTEM) re-
ealed visible black dots corresponding to Bi, with a d-spacing of
.33 nm ( Fig. 1 a). The particle size ranges from 2 to 8 nm is shown
n Figure S2. Field emission scanning electron microscope (FESEM) in
ig. 1 b further confirmed the formation of Bi-ZIF-8, showing the cubic
rystal structure of ZIF-8 without the evident presence of Bi particles.
nergy dispersive X-ray (EDX) analysis confirmed the presence of Zn, C,
2

, and Bi, while elemental mapping (Figure S3) demonstrated a uniform
istribution of these elements throughout the Bi-ZIF-8 structure. 

X-ray diffraction (XRD) results confirm the formation of Bi-ZIF-8.
hey showed crystalline reflections corresponding to ZIF-8, matching
he standard Bi reference peaks ( Fig. 1 c). X-ray photoelectron spec-
roscopy (XPS) provided additional insights into the surface composi-
ion and chemical states of the Bi-ZIF-8 sample. The survey spectrum
onfirmed the presence of Zn, C, N, and O from ZIF-8, with an addi-
ional Bi peak observed ( Fig. 1 d and Figure S4). The C 1 s spectrum
isplayed two main peaks for C–C and ( C = O, C = N ) at binding en-
rgies of 283 eV and 286 eV, respectively. Moreover, the Zn spectrum
Figure S4b) showed peaks at binding energies of 1022 eV and 1045 eV,
orresponding to Zn 2p3/2 and Zn 2p1/2 , respectively. while the XPS of
i 4f peaks for elemental bismuth are found around 157 eV (Bi 4f7/2)
nd 163 eV (Bi 4f5/2), corresponding to the 0 oxidation state (Bi(0)). In
ismuth oxide, the Bi 4f peaks shift to higher binding energies, with the
i 4f7/2 peak around 158–160 eV and the Bi 4f5/2 peak around 164–
66 eV, indicating that Bismuth is in the + 3 oxidation state (Bi(III))
Figure S4c). The main difference is that for Bismuth oxide, an O 1 s
eak appears around 529–531 eV, representing the oxygen in the ox-
de, while there is no oxygen peak in the XPS of elemental Bismuth. In
ig. 1 e, we can see the O 1 s peaks in the XPS results. Here, we observe
 mixture of both Bismuth and Bismuth oxide (Figure S4d). These XPS
esults further confirm the successful dispersion of Bi within the ZIF-
 framework. This task was further validated using FTIR spectroscopy
n ZIF-8 and Bi-ZIF-8 (Figure S5). The results are consistent with the
iterature, showing similar IR spectra ( Chakraborty et al. 2024 ). 

The surface areas of ZIF-8 and Bi-ZIF-8 were measured using a
runauer-Emmett-Teller (BET) method ( Fig. 1 e). ZIF-8 exhibited a high
urface area typical of MOFs, around 1750 m2 /g. After loading Bismuth
anodots, the surface area slightly decreased to ∼1650 m2 /g for 5 %
i-ZIF-8 and ∼1580 m2 /g for 10 % Bi-ZIF-8, indicating successful Bi
anoparticle incorporation into the ZIF-8 framework. Further increases
n Bi loading led to more significant reductions in surface area, reaching
1100 m2 /g and ∼950 m2 /g for 15 % and 20 % Bi-ZIF-8, respectively. 

lectrochemical reduction of CO2 

The electrocatalytic activity of Bi-ZIF-8 for CO2 reduction was evalu-
ted using different reactor configurations for the crucial role they have
n determining the performances and validating the effectiveness of the
lectrocatalysts ( Ampelli et al. 2023 ). The first series of tests were re-
lized using a gas-tight two-compartment H-cell with a 0.5 M KHCO3 
queous solution. 

lectrocatalytic reduction of CO2 using H–Cell 

In the H–Cell, exposing the electrocatalysts to CO2 compare to nitro-
en increases current density with a remarkable shift to more positive
otentials ( Fig. 2 a). The products of the reaction were periodically sam-
led from the cathodic chamber headspace and analyzed by gas chro-
atography (GC-BID). Additionally, the liquid sample was analyzed us-

ng proton nuclear magnetic resonance (1 H NMR). Using Bi-ZIF-8, only
wo gaseous products, H2 and CO, were detected, along with formate as
he liquid product. 

Chronoamperometry tests at constant applied potentials ranging
rom − 0.7 to − 1.5 V vs reversible hydrogen electrode (RHE) were made
o determine the optimal potential for eCO2 RR (Figure S6). The highest
electivity to CO was observed at − 0.7 V vs RHE onset potential in with
igher selectivity to CO (FECO ) is about 50 % ( Fig. 2 b). At more negative
otentials, the current density increased linearly, with formate emerging
s the predominant product. At − 1.3 V vs RHE, the formate selectivity
s maximum, reaching a value of about 63 %, while the current density
eached − 50 mA cm- 2 . ZIF-8 without Bi produces CO (Figure S7), while
ismuth with ZIF-8 produces formate, remarking on the role of Bismuth

n promoting formate formation. 
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Fig. 1. (a) HRTEM of Bi-ZIF-8 (including d-spacing of Bi nanodots). (b) FESEM of Bi-ZIF-8 with elemental mapping. (c) XRD reference comparison of Bi, ZIF-8, and 
Bi-ZIF-8. (d) XPS survey spectrum of Bi-ZIF-8. (e) Brunauer-Emmett-Teller (BET) isotherm comparison of ZIF-8 and Bi-ZIF-8 with the concentration ratio of 5 % to 
20 % of Bi. 
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The electrochemical surface area (ECSA) was determined by analyz-
ng the rate of electron transfer between the solid support and catalysts
sing cyclic voltammograms (CVs) at various scan rates ranging from 50
o 250 mV/s for ZIF-8 and Bi-ZIF-8 are shown in Figure S8. The ECSA
or various loadings of Bismuth in ZIF-8 are shown in Figure S9. The
inear relationship between the reduction peak currents and the scan
ate mV/s is shown in Fig. 2 c indicates that Bi-ZIF-8 has a larger active
urface area and higher electron transfer rate compared to ZIF-8 (10
F cm‒2 vs 0.9 mF cm‒2 ). This enhancement is attributed to the im-
roved electron transfer and increased electrochemically active surface
rea of Bi-ZIF-8, which facilitates better adsorption of eCO2 RR interme-
iates on the catalyst surface, potentially leading to the better catalytic
erformance of Bi-ZIF-8. 

The kinetics of the electrochemical processes were further analyzed
sing Electrochemical Impedance Spectroscopy (EIS) ( Fig. 2 d). The re-
ults demonstrate a charge transfer resistance ( Rct ) of 160 Ω cm2 for
he ZIF-8 electrode and 10 Ω cm2 for the Bi-ZIF-8 electrode, indicating
hat the incorporation of Bi significantly improves the rate of charge
ransfer. 

lectrocatalytic reduction of CO2 using flow cell 

After the initial tests in the H-cell, a flow cell ( Fig. 3 a) was used to
urther check eCO2 RR using Bi-ZIF-8 electrocatalysts. The gas diffusion
lectrode (GDE) was prepared by depositing Bi-ZIF-8 catalysts onto the
3

as diffusion layer (GDL). This configuration enhances the mass trans-
ort of CO2 to the catalytic sites, overcoming the limitations associated
ith the H-cell ( Ampelli et al. 2023 ). In this design, CO2 is delivered
irectly to the active materials through a serpentine flow channel on
he backside of the GDE. At the same time, the catholyte solution is
irculated between the GDE and the membrane to optimize the overall
lectrochemical performance. 

The flow cell tests were made at various applied potentials. Fig. 3 b
eports the products observed: CO, H2 , and HCOO− . They were consis-
ent with those observed in the H-cell. Additionally, trace amounts of
ethane were detected at − 1.3 and − 1.5 V vs. RHE. Notably, the flow

ell achieved a higher formate yield with an FE of 80 % at a lower ap-
lied potential (compared to the H-cell) of − 1.1 V vs RHE. The long-term
tability of the flow cell was evaluated for 24 h, during which both the
EHCOO - and the overall stability were monitored ( Fig. 3 c). Moreover,
he XPS was investigated after the stability as shown in Figure S4 (e and
) the Bi and Zn spectra suggesting a stable structure after the long term
tability. Remarkably, the flow cell demonstrated a threefold increase in
urrent density, reaching − 150 mA cm− 2 . The relevant increase in both
he current density and FEHCOO - highlights the paramount importance
f the right type of cell in studying the performances of the electrocat-
lysts. 

The comparison of formate partial current density for both systems
eveals that the H-cell achieved a maximum partial current density of
 10 mA cm− 2 at − 1.2 V vs RHE. In contrast, the flow cell reached a
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Fig. 2. (a) Linear sweep voltammetry (LSV) of Bi-ZIF-8 in 0.5 M KHCO3 under N2 and CO2 , (b) Faradic efficiency of Bi-ZIF-8 at − 0.7 to − 1.5 V vs RHE in 0.5 M 

KHCO3 . (c) A plot of forward peak current density vs the square root comparison of ZIF-8 and Bi-ZIF-8 with the scan rates of 50 to 200 mV/s. (d) Nyquist diagrams 
of ZIF-8 and Bi-ZIF-8 in 0.5 M KHCO3 . 

Fig. 3. (a) Schematic configuration of the flow cell. (b) Faradaic efficiency comparison of Bi-ZIF-8 at − 0.7 to − 1.5 V vs RHE in 1 M KOH in a flow cell. (c) Stability 
test of Bi-ZIF-8 using flow cell at − 1.1 V vs RHE in 0.5 M KHCO3 . (d) Comparison of the partial current density for formate in the H-cell and flow cells. 

4
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Fig. 4. (a) MEA cell for the electrochemical reduction of CO2 ; (b) Stepwise plot of voltage against time at different current steps in the range of 25–200 mA cm- 2 

and (c) Faradaic efficiency of Bi-ZIF-8 using the MEA cell. 
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ignificantly higher partial current density of − 120 mA cm− 2 at − 1.1 V
s RHE ( Fig. 3 d). 

Comparing the performance of Bi-ZIF-8 in the H-cell and the flow
ell, the EIS and Tafel slope shown in Figure S10a and S10b is notably
ower for Bi-ZIF-8 in the flow cell. The Rct value for the flow cell was 10
 cm2 compared to 15 Ω cm2 in the H-cell. Similarly, the Tafel value in

he flow cell was 42 mV dec− 1 , compared to 200 mV dec− 1 in the H-cell.
hese results indicate faster kinetics for CO2 electroreduction in the flow
ell, consistently with the higher concentration of CO2 at the surface of
he electrocatalysts in the flow cell conditions. In contrast, results in the
-cell are conditioned from low CO2 solubility in the electrolyte. 

lectrocatalytic reduction of CO2 in MEA cell 

The electrocatalysts were also investigated using an MEA-type elec-
rolyzer ( Fig. 4 a) to complete the comparison. Further significant differ-
nces were observed compared to H-cells and flow cells. 

The MEA configuration consists of an anode chamber that contains
 liquid-phase anolyte, which is positioned next to a cathode chamber
hat has a gas-phase intake. The moistened CO2 is injected directly into
he system as the feed, which alters the dynamics of the reaction. Step-
ise constant current densities of 25 and − 150 mA cm- 2 were applied

o evaluate the cell potential of Bi-ZIP-8 in the MEA cell ( Fig. 4 b). The
ell voltage increased with the applied current density. Gas products
ere collected from the cathode, while liquid products were collected

rom the anolyte. Comparing the performance of various electrolyzers
or eCO2 RR, the Bi-ZIF-8 catalyst demonstrated the highest FEHCOO - of
1 % and the highest current density of − 150 mA cm- 2 ( Fig. 4 c). This
erformance is attributed to the unique design of the MEA, which ef-
ectively enhances formate production and reduces hydrogen evolution
eaction (HER) at high current densities. However, the stability of the
atalyst in a zero gap MEA cell is significantly affected by the bicar-
onate salt precipitation at the catalyst sites, which blocks CO2 from
eaching the catalyst sites ( Endr ő di et al. 2021 ). To further support
he mechanistic understanding, we agree that comparing our findings
ith the literature on MEA configurations would provide valuable con-

ext ( Abdinejad, Subramanian, Motlagh, Noroozifar, Duangdangchote,
eporozhnii, Ripepi, Pinto, Li and Tang 2023 ). 

echanistic study 

The previous results show how Bi-ZIF-8 shows excellent electro-
atalytic performances (FEHCOO - > 90 % at high current density, e.g.
 150 mA cm- 2 ) as well as stability. In comparison with ZIF-8, the BND
onsiderably enhance the performance. Bi is an excellent electrocatalyst
n CO reduction to formate, showing high FE but typically at very low
2 

5

urrent densities of < 10–20 mA cm- 2 ( Tian et al. 2021 ). While there is
 role of the cell configuration, as commented before, the stabilization
f the BND inside the ZIF-8 also plays a role in obtaining high perfor-
ances, in agreement with Lamagni et al. ( Lamagni et al. 2020 ) that

laimed that nanoscale Bismuth particles stabilized by a metal-organic
ramework are necessary to obtain highly active and selective electro-
atalysts for CO2 reduction to formate. 

To gain a better understanding of the reasons behind the high selec-
ivity to formate, density functional theory (DFT) calculations were con-
ucted using the Atomic Simulation Environment (ASE) ( Hjorth Larsen
t al. 2017 ). The rhombohedral structure of BND was used to construct
 Bi-012 slab with lattice constants of 𝑎 = 𝑏 = 4 . 533 and 𝑐 = 11 . 797 and
hree atomic layers. The details of the simulation are given in the ex-
erimental section of this paper. The optimized geometric structures
f relevant adsorbates are depicted in Fig. 5 a and the correspond-
ng free energy diagrams are shown in Fig. 5 b Overall, the results
gree well with the literature values for the intermediate’s free ener-
ies ( Han et al. 2018 ). 

As shown in Fig. 5 b, the protonation of the O atom in CO2 to form
he ∗ 𝐶𝑂 𝑂 𝐻 adsorbate is significantly uphill in energy ( + 1.25 eV). This
xplains the small selectivity of BND toward CO, which is produced by
he protonation of the ∗ 𝐶𝑂 𝑂 𝐻 adsorbate to produce water and CO. Sim-
larly, the free energy of adsorption for hydrogen (∗ 𝐻) is relatively high
 + 0.83 eV), which results in the suppression of hydrogen gas formation
n the BND catalyst. In contrast, the protonation of the C atom in CO2 
o form the ∗ 𝐻𝐶𝑂 𝑂 adsorbate has a lower barrier compared with the
 𝐶𝑂 𝑂 𝐻 adsorbate (1.19 eV vs 1.25 eV), which explains the higher selec-
ivity of BND toward formic acid as compared to CO ( Han et al. 2018 ).
pon a second proton-coupled electron transfer of the ∗ 𝐻𝐶𝑂 𝑂 adsor-
ate, the formic acid, is finally released from the catalyst surface. For
ore details about the free energy values of relevant adsorbates and

eaction steps, refer to Tables S1-S3 in the supplementary information.
hese results thus evidence that the protonation of the ∗ 𝐶𝑂 𝑂 𝐻 adsor-
ate at O vs C atoms triggers the selectivity to CO vs formate. While
he control of this path depends on the nanostructure of BND, in agree-
ent with the great role of the nanostructure reported in the literature,

t will also depend on the surface availability of protons vs chemisorbed
O2 . From here, the great role of the cell configurations. At the same
ime, at high current densities, e.g. the conditions for industrial appli-
ability, the intrinsic electrocatalyst performances are overshoot by the
ifferent local environments determined by the different cell configu-
ations. For this reason, several of the highly selective electrocatalysts
t low current densities perform poorly at high current densities, and
 different electrocatalyst design would be necessary to have high FE
t high current densities. To further support our mechanistic analysis,
he onset potential for various products was estimated using the Com-
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Fig. 5. DFT calculation results (a) Optimized 
adsorbate positions on the Bi-012 slab, (b) Free 
energy diagrams for 𝐻2 evolution and 𝐶𝑂2 re- 
duction to CO and HCOOH on the Bi-012 slab. 
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utational Hydrogen Electrode (CHE) technique and compared with the
xperiment findings. At higher negative potentials than − 0.64 V, the
ree energy for ∗ HCOO adsorbate becomes negative, making the formic
cid production exergonic and thermodynamically-favored. This indeed
as been observed in the experiments with significant currents starting
oming only at more negative potentials than ∼ − 0.7 V. The other prod-
cts (H2 , and CO) are endergonic at this onset potential, which explains
heir lower selectivity compared to HCOOH. The same trend has been
bserved in other studies ( Han et al. 2018 ), showing how differences in
he stability of ∗ HCOO vs ∗ COOH would control the selectivity toward
COOH vs CO. ” Additionally, the free energy diagram has been recre-
ted with the additional results of this analysis as shown below. The
 HCOO free energy has been updated based on a more accurate calcu-
ation result. From here, the role of the ZIF-8 environment. It limits the
vailability of protons or assists in the protonation at C vs O atoms by
osting the BND inside the cavities. In addition, it limits their possible
nsitu reconstructing or sintering, allowing high stability. While further
tudies would be necessary to prove this indication, we believe that the
resent results shed new light on the factors that allow the development
f high-performance CO2 electrocatalysts compared to others reported
i, In, and Sn-based electrocatalysts for HCOOH acid production from
O2 as shown in Table S4. 

onclusions 

Bi-ZIF-8 has been proven to be a highly effective electrocatalytic ma-
erial for the CO2 reduction to formate, particularly allowing high FE at
igh current density. By employing various electrochemical cells, in-
luding H-cell, flow cells, and MEA cells and conducting a systematic
nalysis, Bi-ZIF-8 optimized performances are of a FE of up to 91 % at
 150 mA cm- 2 using the MEA cell. This improvement is attributed to the
ombination of the MEA electrolyzer’s design and the beneficial prop-
rties of Bi-ZIF-8 in its MOF form. While other Bi-based electrocatalysts
how a high FE, it is typically at low current densities, and performances
eteriorate at the high current densities requested for industrial appli-
ation. Differently, the FE of Bi-ZIF-8 improves at high current densi-
6

ies. This difference is attributed to the role of ZIF-8, which hosts the
ND inside its cavities. In this way, orienting the C vs O protonation
f the ∗ 𝐶𝑂 𝑂 𝐻 adsorbate, the factor triggering selectivity. At the same
ime, the ZIF-8 environment protects BND from restructuring or sinter-
ng, allowing high stability. 

Overall, this study highlights the potential of MOF-based electrocata-
ysts to advance the electrochemical conversion of CO2 into liquid fuels,
ith implications for climate change mitigation and the development
f sustainable energy solutions in CO2 conversion technologies. Future
esearch should consider further catalyst modifications, optimization of
eaction parameters, and scaling up production processes to improve
ractical utility and economic feasibility. 

ethods 

aterials 

Analytical grade Bismuth nitrate pentahydrate (99 %)
Bi(NO3 )3 ·5H2 O), zinc nitrate hexahydrate (Zn(NO3 )2 ·6H2 O), sodium
orohydride (NaBH4 ), and 2-methylimidazole (MeIm) were purchased
rom Sigma-Aldrich. All of the chemicals were analytical grade and
ere used without additional purification. AEM was purchased from
ioxide Materials and Membranes International, Inc. and a Nafion
embrane was purchased from Fuel Cell Store. 

ND-ZIF-8 synthesis 

Zn (NO3 )2 ·6H2 O (100 mg) was dissolved in 15 mL of deionized (DI)
ater. In another beaker, dissolve 70 mg of Bi(NO3 )3 ·5H2 O in 15 mL
I water. In a separate beaker, 15 mL DI water was mixed with 1.94 g
f 2-methylimidazole. A clear solution of Zn(NO3 )2 ·6H2 O mixed with
i(NO3 )3 ·5H2 O (70 mg) solution. 2-methylimidazole was then added to
he Zn and Bi solution, and the mixture was stirred for 5 min. Follow-
ng that, freshly prepared 50 mg NaBH4 in 2 mL DI water was quickly
dded to the mixture mentioned above and stirred for 5 min. Following
he reaction, the products were centrifuged, washed three times with
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eionized water, and vacuum-dried before being used for characteriza-
ion and activity analysis. 

lectrode preparation 

lectrode preparation for H− cell 

Bi-ZIF-8 catalyst (10 mg) was distributed in a solution containing
50 μL of isopropanol, 200 μL of deionized water, and 50 μl of Nafion
5 %). The overall volume amounted to 1 mL. The solution underwent
onication for 25 min. Subsequently, a 100 μL solution was administered
nto a conductive carbon paper with a 1 cm2 surface area using the drop-
asting technique. Subsequently, the sample was permitted to desiccate
t ambient temperature overnight. 

lectrode preparation for flow cell 

The ink mentioned above for H–Cell was spray-painted on GDE
0.5 × 2 cm2 area) using a spray gun with a constant pressure of ni-
rogen. The conductive surface of GDE was loaded with catalysts and
ried in air, followed by vacuum drying at 50 °C. 

lectrode preparation for membrane electrode assembly (MEA) cell 

A mixture of the compounds (8 mg) in DMF (4 mL) with 5 wt. %
afion was sonicated for 40 min to form a homogeneous suspension. The
ixture was then stirred at room temperature overnight and drop-cast

nto a gas diffusion electrode (GDE, Sigracet 38 BCE, 5 % PTFE-coated
on-woven carbon paper with a microporous layer; 2.5 cm x 2.5 cm) for
he MEA study. 

ctivity test 

ctivity test in H− cell 

The behavior of eCO2 RR was initially investigated using an H-cell de-
ice ( Fig. 4 a) that included a silver-silver chloride (Ag/AgCl) electrode
s a reference electrode. A counter electrode made of platinum mesh
as used. The working electrode was affixed onto a conductive carbon
aper substrate. The electrodes within the cell are linked to a Gammray
20-type potentiostat. The performance of eCO2 RR was evaluated using
inear sweep voltammetry (LSV) techniques, which involved measuring
he current densities at different applied potentials, with the current
alues adjusted for the electrode’s geometric surface area (1 cm2 ). 

A suspension was made by sonicating a mixture of 5 mg of Bi-ZIF-
 catalyst in 2 mL of DMF with 2 % Nafion for 10 min to prepare the
orking electrode. Subsequently, 5 μL of this suspension was drop-cast
nto a pre-prepared carbon paper electrode with a 1.0 cm2 area, and
llowed to dry. 

ctivity test in flow cell 

The flow cell was employed to validate the performances under el-
vated current densities. The performances of eCO2 RR were assessed
cross a range of potentials (− 0.7 to − 1.5 V vs. RHE) during 1-hour
ests. Afterwards, the liquid products were obtained from the cell and
easured using 1 H NMR. On the other hand, the gaseous products were

xamined using GC-BID, namely a gas chromatograph (GC) equipped
ith a barrier discharge ionization detector. This detector offers a sensi-

ivity that is two orders of magnitude greater than thermal conductivity
etectors (TCD) when it comes to gas phase components. 

ctivity test in MEA cell 

To analyze the reduced products formed in the cathodic compart-
ent using MEA, samples from the reaction headspace were periodically

ollected and examined using GC. The concentrations of gaseous prod-
cts (CO and H2 ) were determined by GC, with Faradic efficiencies cal-
ulated from the average of four injections. The gaseous products from
O2 electroreduction were analyzed with an InterScience PerkinElmer
larus 680 chromatograph equipped with two TCD and a flame ioniza-
ion detector (FID). For liquid products, HPLC analysis was performed
7

sing an Agilent Technologies Infinity 1260 II LC system featuring a Hi-
lex H column (at 50 °C) with a variable wavelength detector (VWD)
at 210 nm and 280 nm) and a refractive index detector (RID) at 40 °C.
roton nuclear magnetic resonance (1 H NMR) spectra were recorded
n a Bruker 400 MHz spectrometer, and the data were analyzed using
estreNova software. 

A sequence of continuous current electrolysis tests was conducted,
nd the gaseous substances produced by the cell were examined using an
nline gas chromatography system attached to the cell’s outlet. The gas
hromatography system was equipped with two thermal conductivity
etectors and a flame ionization detector. An electrolysis process was
onducted at various current densities ranging from 10 to 200 mA cm- 2 .
ach current density was maintained for 1200 s. During the reaction,
liquots were collected at 5-minute intervals, resulting in a total of four
njections for each current density over 1200 s. To precisely determine
he FE of products, the flow rate at the reactor output was monitored
sing a Bronkhorst mass flow meter. 

haracterization 
1 H and 13 C NMR spectra were recorded on a Bruker AM-400 spec-

rometer. Powdered X-ray diffraction patterns of the samples were
ecorded using a Rigaku MiniFlex diffractometer, which was equipped
ith Cu-K 𝛼 radiation. The data were acquired over the 2 𝜃 range of 5°
nd 30° The FT-IR spectra were obtained using a Nicolet 6700 Thermo
cientific instrument in the range of 400–4000 cm− 1 , using KBr. The
ET surface area of the MOFs was calculated by using the Micromerit-

cs ASAP 2020 instrument. The surface morphology of these materials
as discerned using a FESEM (LYRA 3 Dual Beam, Tescan), which op-

rated at 30 kV. The surface chemical analyses were performed using
n XPS equipped with an Al-K 𝛼 micro-focusing X-ray monochromator
ESCALAB 250Xi XPS Microprobe, Thermo Scientific, USA). The FESEM
amples were prepared from suspension in ethanol. Potentiostat (Gamm-
ay 620, Warminster, UK) was used. Gas chromatography tests were
ade with Shimadzu equipment (Nexis GC-2030). Field Emission Trans-
ission Electron Microscope was obtained from JEM-2100F, which is a
ultipurpose, 200 kV FE. XPS was obtained from Thermo Scientific Es-

alab 250Xi. The EIS was performed by varying the frequency range
rom 105 to 0.1 Hz while keeping the electrolyte and electrode condi-
ions constant, as in the LSV experiment. 

omputational study 

Electronic structure calculations were performed using density func-
ional theory (DFT) to find the lowest free energy pathways for the re-
uction of 𝐻2 𝑂 and 𝐶𝑂2 to 𝐻2 and 𝐶 𝑂∕𝐻𝐶 𝑂𝑂𝐻 , respectively. The DFT
imulations were conducted using the GPAW software, which is based on
he projector augmented wave (PAW) method and the Atomic Simula-
ion Environment (ASE). The Perdew-Burke-Ernzerhof (RBE) exchange-
orrelation functional, along with plane-wave pseudopotentials, were
sed to describe the electronic wave functions. The Bi-012 surface was
odelled with lattice constants of a = b = 4.533 Å and c = 11.797 Å with

hree atomic layers and 10Å vacuum space. The first layer was relaxed
n all directions, while the bottom two layers were fixed at the bulk
quilibrium positions. The plane-wave energy cutoff was set to 500 eV
ith a (1,1,1) k-point sampling mesh for each lattice. The relaxation

alculations were performed until the maximal force on any atom was
elow 0.05 𝑒𝑉 ∕Å Multiple adsorption sites on the 012 facet, e.g. fcc and
ntop binding sites, were investigated, and the lowest energy binding
ite was used. 

Thermodynamic quantities for gas species were obtained based on
he ideal gas limit by assuming that all spatial degrees of freedom are
ndependent and separable into translational, rotational, and vibrational
egrees of freedom. Vibration frequencies of adsorbates were obtained
sing the normal mode analysis on adsorbate atoms, assuming the har-
onic approximation and considering only the vibration of adsorbate

toms. The reaction-free energies were calculated using the following



M. Usman, M.H. Suliman, M. Abdinejad et al. Carbon Capture Science & Technology 16 (2025) 100450

r

Δ  

Δ  

Δ  

w  

𝐸

 

t  

T  

a  

e  

t

𝜇  

w  

a  

b

D

 

i  

t

C

 

w  

a
o  

M  

d  

K  

H  

t  

S  

p  

i

A

 

F  

t

S

 

t

R

A  

 

 

A  

 

 

 

A  

 

A  

A  

 

 

B  

 

B  

 

C  

C  

 

C  

 

 

C  

D  

 

E  

 

F  

 

F  

 

F  

G  

 

G  

 

H  

 

H  

 

 

 

 

 

 

I  

 

 

J  

 

 

L  

 

 

L  

 

L  

 

 

 

L  

 

M  

 

 

M  

 

 

elations: 

𝐺 = Δ𝐻 − 𝑇 Δ𝑆 (1)

𝐻 = Δ𝑈 + 𝑃 𝑉 (2)

𝑈 ≈ Δ𝐸𝐷𝐹𝑇 + Δ𝐸𝑍𝑃𝐸 + Δ𝐸𝐶𝑣 + Δ𝐸𝑠𝑜𝑙𝑣 (3)

here 𝐸𝐷𝐹𝑇 is the potential energy obtained from DFT calculation,

𝑍𝑃𝐸 is the zero-point energy, 𝐸𝑠𝑜𝑙𝑣 is the solvation correction term. 
The CHE technique was used to model the potential dependence of

he free energy pathway by defining zero voltage based on the RHE.
his model avoids the explicit treatment of solvated protons, and thus,
 pH correction is not needed. The total chemical potential of the proton-
lectron pair can be expressed as a function of applied potential at all
emperatures and pH values using the following relation: 
(
𝐻+ ) + 𝜇( 𝑒− ) = 1 

2 
𝜇
(
𝐻2 

)
− 𝑒𝑈 (4)

here 𝜇 is the chemical potential, 𝑒 is the electron charge, and 𝑈 is the
pplied potential. The calculation details for adsorbate-free energies can
e found in Tables S1 & S2. 
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