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a b s t r a c t

Electrochemical CO2 reduction reaction (CO2RR) into valuable formate provides a strategy for carbon neu-

trality. Bismuth (Bi) catalysts, attributed to their appropriate energy barrier of OCHO∗ intermediate, have

demonstrated substantial potential for the advancement of electrocatalytic CO2 reduction to formate.

However, due to the weak bonding of protons (H∗) of Bi, the available protonate of CO2 on Bi is in-

sufficient, which limits the formation of OCHO∗. Prediction by theoretical calculation, chlorine doping

can effectively promote the dissociation of H2O and thus achieve effective proton supply. We prepare

chlorine-doped Bi (Cl-Bi) via an electrochemical conversion strategy for electroreduction of CO2. An ob-

vious improvement of faradaic efficiency (FE) of formate (96.7% at −0.95 V vs. RHE) can be achieved

on Cl-Bi, higher than that of Bi (89.4%). Meanwhile, Cl-Bi has the highest formate production rate of

275 μmol h−1 cm−2 at −0.95 V vs. RHE, which is 1.2 times higher than that of Bi (224 μmol h−1 cm−2).

In situ characterizations and kinetic analysis reveal that chlorine doping promotes the activation of H2O

and supply sufficient protons to promote the protonation of CO2 to OCHO∗, which is consistent with the-

oretical calculation. The study presents an effective strategy for rational design of highly efficient electro-

catalysts to promote green chemical production.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The conversion of CO2 into valuable chemicals and fuels by

electrochemical CO2 reduction reaction (CO2RR) could not only

help alleviate the energy crisis but also contribute to establish a

carbon-neutral cycle to alleviate greenhouse effect [1–4]. Among

various possible products (Table S1 in Supporting information), for-

mate was regarded as an important feedstock for the wide appli-

cation in medicine, anti-corrosion and other fields [5,6]. Rational

designing highly active electrocatalysts for CO2-to-formate is the

key to achieve industrial applications [7–10].

Bi-based electrocatalysts have been widely exploited for the re-

duction of CO2 to formate due to its appropriate energy barrier of

OCHO∗ intermediate [11–14]. Although Bi catalysts have high for-

mate selectivity, there are still challenges to achieve higher pro-

ductivity [15,16]. This is mainly due to the weak ability to dissoci-

ate H2O into protons (H∗) of the Bi, resulting in insufficient avail-

able H∗ on Bi, which affects the key step of hydrogenation to form

formate intermediates in CO2RR [17,18]. Therefore, promoting the
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proton supply ability of the Bi-based catalyst is a key point to im-

prove the formate productivity [17,19,20].

It can be expected that providing enough protons at more

positively applied potentials can greatly promote CO2-to-formate

electrochemically. In fact, many investigations indicated that

heteroatom-doping (such as B, C, N, O, S, Cl and so on) in

metal/metal oxide could effectively promote the dissociation of

water and increase the concentration of protons [21–25]. It has

been reported that the introduction of S in Cu2O can obviously

promote the conversion of CO2-to-formate. Density functional the-

ory (DFT) calculation results demonstrated that the presence of

sulfur could accelerate activation of water for the formation of H∗

species, and reduce energy barrier for the formation of the key re-

action intermediate (OCHO∗). Therefore, it is considered to incor-

porate heteroatoms into Bi catalyst to promote the dissociation of

water for proton feeding, so as to improve electrocatalytic perfor-

mance on the Bi-based catalyst.

In this work, we firstly calculated different heteroatom doping

by DFT and predicted the most suitable doping atom (Cl) to in-

crease the concentration of proton for improving the yield of for-

mate. Then, we used electrochemical method to prepare Cl-doped

Bi catalyst (Cl-Bi), which had 96.7% formate faraday efficiency (FE)
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Fig. 1. Problems of Bi-based catalyst during CO2RR process and corresponding op-

timization design.

Fig. 2. (a) Schematic diagram of doping sites of non-metallic elements on Bi, the

blue and orange spheres represent Bi and non-metallic (including B, C, N, O, F, P,

S, and Cl) atoms, respectively. (b) Calculated formation energy of non-metallic ele-

ments on different sites. (c) Free energy diagram of HER. (d) Free energy diagram of

CO2RR from CO2 to HCOOH. (e) Volcano curve between limiting potential of CO2RR

and the adsorption free energy of OCHO∗ .

under −0.95 V vs. RHE and 35 h operating stability. The FEHCOOH
of Cl-Bi was significantly higher than that of Bi catalyst (89.4%).

Meanwhile, Cl-Bi has the highest formate production rate of 275

μmol h−1 cm−2 at −0.95 V vs. RHE, which is 1.2 times higher than

that of Bi (224 μmol h−1 cm−2). The combined results of in situ

electrochemical characterizations and kinetic studies unveiled that

the enhanced CO2-to-formate activity on Cl-Bi could be attributed

to the improvement of protons feeding.

As shown in Fig. 1, the catalytic conversion of CO2 to formate

on Bi-based catalyst usually includes two steps: First, CO2 and H2O

molecules adsorbed on Bi catalyst surface are activated into CO2
∗

and H∗, respectively. Then the CO2
∗ combines with H∗ to form for-

mate. Although the Bi-based catalysts have been proved to have a

good activation ability for CO2, the ability to dissociate H2O into

H∗ are weak, resulting in insufficient H∗ on the Bi surface, so the

conversion rate of CO2 to formate are relatively slow [17,26]. Luck-

ily, many studies have demonstrated that nonmetallic doping can

effectively improve the ability of H2O dissociation into H∗ [27,28].

Therefore, we design and propose doping nonmetallic heteroatoms

in Bi catalyst to promote H2O dissociation into H∗, so that the CO2
∗

and sufficient H∗ can be quickly combined to form formate.

To explore the effect of different non-metallic elements (includ-

ing B, C, N, O, F, P, S, and Cl) on Bi metal during electrochemical

CO2RR process, density functional theory (DFT) computations were

initially performed (Fig. 2). For heteroatom doping, two different

doping sites on Bi (012) surface was considered, as show in Fig.

2a. Calculated formation energy of non-metallic elements doped at

different sites was shown in Fig. 2b, it can be found that all non-

metallic elements tend to replace the outermost Bi atom (site 1)

compared with subsurface Bi atom (site 2). Meanwhile, the forma-

tion energy of B-doped Bi (B-Bi), C-Bi, and N-Bi greater than 0 eV,

indicating their poor thermodynamic stability. In contrary, the for-

Fig. 3. (a) Preparation process diagram of Cl-Bi catalyst. (b) XRD patterns of the Bi

and Cl-Bi. TEM images of (c) Bi and (e) Cl-Bi. HRTEM images of (d) Bi and (f) Cl-

Bi. (g) HAADF-STEM and elemental mappings of Bi (blue) and Cl (red) elements in

Cl-Bi catalyst.

mation energy lower than 0 eV of O-Bi, F-Bi, P-Bi, S-Bi, and Cl-Bi

indicates the thermodynamically feasible for the doping process.

Then, the catalytic activity of different catalysts towards hydro-

gen evolution reaction (HER) and CO2RR (from CO2 to HCOOH)

was evaluated by calculating reaction free energy (Figs. 2c and d).

The specific value was shown in Table S2 (Supporting informa-

tion). A lower activity was observed for pristine Bi owing to its

weaker adsorption strength for intermediates. After the doping of

non-metallic elements, the adsorption performance of Bi is signif-

icantly improved. Take the adsorption free energy of H∗ (�GH∗ )
as an example, an obvious enhancement from 0.81 eV on Bi to

−0.66 eV on O-Bi was observed. It is worth mentioning that the

�GH∗ of S-Bi (0.15 eV) and P-Bi (0.19 eV) is relatively close to 0

eV, indicating their higher HER activity. The corresponding limit-

ing potentials (the minimum potential to overcome the potential-

determined step) of S-Bi and P-Bi is −0.51 and −0.52 eV, respec-

tively. As a result, these two catalysts are not suitable for CO2RR.

More important, the volcano curve between the limiting potentials

of CO2RR and the adsorption free energy of OCHO∗ was established

(Fig. 2e), where the Cl-Bi exactly stand near the top of the volcano,

indicating its optimal CO2RR activity. For comparison, the limiting

potential of CO2RR and HER on Cl-Bi is −0.45 and −0.54 eV, re-

spectively, indicating a high selectivity of Cl-Bi during CO2RR pro-

cess. As mentioned above, Cl-Bi was suggested as most efficient

CO2RR catalyst with outstanding stability, excellent intrinsic activ-

ity, and high selectivity.

The preparation process of the Cl-Bi catalysts was schematically

shown in Fig. 3a. In a typical process, Bi2O3 was first prepared by

sonochemical synthesizing method [29], and then chemically con-

verted to BiOCl. Finally, the Cl-Bi catalysts was synthesized through

a facile electrochemical conversion strategy using BiOCl as the pre-

cursor (Fig. S1 in Supporting information). Fig. 3b showed the X-

ray diffraction (XRD) patterns of Bi and Cl-Bi. As the completion

of the electroreduction process, the XRD patterns of Cl-Bi exhib-

ited distinct characteristic peaks of Bi (JCPDS No. 44-1246). Only

the peaks of metallic Bi existed, confirming that BiOCl was in-

deed reduced. Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images of Bi (Figs. 3c and d) showed the

nanoflower structures and the finger lattices was 0.32 nm, corre-

sponding to the (012) plane of Bi. As shown in Figs. 3e and f, the

TEM and HRTEM of Cl-Bi also displayed the nanoflower morphol-

ogy and the same plane (102) of Bi (0.32 nm). These results in-
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Fig. 4. High-resolution XPS spectra of (a) Cl 2p and (b) Bi 4f for Bi and Cl-Bi catalysts. (c) Charge density difference map of OCHO on Bi (right) and Cl-Bi (left). The isovalue

of the isosurfaces is 3.0×10−3 eÅ−3, and yellow (cyan) represents the charge accumulation (deletion). (d) Reaction energy barrier of H2O splitting on Bi and Cl-Bi. (e) Density

of states of Bi-6p orbital and corresponding p-band center in Bi and Cl-Bi.

dicated that the doping of Cl atoms in Bi had no impact on the

fundamental structure of Bi nanoflower, which was consistent with

XRD results. To further confirm the successful doping of Cl atoms,

high-angle annular dark-field scanning transmission electron mi-

croscopy (HAADF-STEM) and element mappings were employed.

These images indicated that Cl and Bi elements were evenly dis-

tributed throughout the Cl-Bi nanoflower (Fig. 3g). This analysis

validated the successful fabrication of Cl-Bi nanoflower.

The detailed surface composition and valence state of Cl-Bi

were investigated via X-ray photoelectron spectra (XPS). The peaks

of Cl 2p2/3 and Cl 2p1/3 located at 197.1 and 199.3 eV were only

observed in Cl-Bi (Fig. 4a), implying that Cl was doped successfully

[30]. And the amount of Cl doping was detected to be 1.18 wt%.

Fig. 4b showed the XPS spectra of Bi 4f. The doublet peaks were

corresponding to Bi 4f7/2 (158.1 eV) and Bi 4f5/2 (163.4 eV) [31].

Compared to pure Bi, the doublet peaks were blue-shifted 0.65 eV

due to the introduction of Cl atoms. The electron deficient in Bi

indicated that the electrons transfer from Bi to Cl occurred due to

electronegativity difference. The transfer of electrons also indicated

the strong interaction between Cl and Bi, which had a positive ef-

fect on the subsequent catalytic reaction. Noting that OCHO∗ is a

key intermediate during CO2RR, the charge density difference of

OCHO∗ on Bi and Cl-Bi was also calculated (Fig. 4c). It can be found

that the doping of Cl can significantly promote the charge transfer

from Bi to OCHO∗, thereby effectively facilitating the first protona-

tion step of CO2. Considering that the main source of H∗ during the

reduction of CO2 is the splitting of H2O, the reaction energy barrier

of H2O splitting on Bi and Cl-Bi was further calculated (Fig. 4d).

Obviously, Cl-Bi can exhibit a higher catalytic activity on the reac-

tion from H2O to H with a lower energy barrier of 0.39 eV, which

suggests that more protons can be generated on Cl-Bi. Accordingly,

Cl-Bi can provide H∗ to the reaction intermediates of CO2RR with-

out delay, thereby accelerating this reaction. To reveal the origin of

the enhanced activity caused by Cl-doping, the projected density

of states (DOS) of Bi-6p orbital and corresponding p-band centre

(εp) on Bi and Cl-Bi were analyzed (Fig. 4e). A significant upward

shift of εp (from 0.62 eV to 0.92 eV) was observed after the dop-

ing of Cl atom, which means that the introduction of Cl atom can

activate the p-band of Bi atoms, subsequently, the catalytic activity

can be enhanced substantially [32–34].

The CO2RR activity of Bi and Cl-Bi catalysts was measured in

an H-type cell with 0.5 mol/L NaHCO3 solution to elucidate the

possible chloride-doped bismuth effect. Linear sweep voltammetry

(LSV) curves were measured to evaluate the CO2RR performance in

Fig. 5a. The Cl-Bi catalyst showed a much higher current density

over the range of −0.85 to −1.05 V vs. RHE than those of Bi, which

indicating the enhanced CO2RR reduction on the Cl-Bi catalyst. Fig.

5b exhibited the FEs for different product on Bi and Cl-Bi catalysts

at different potentials. The highest value of FEHCOOH was 96.7% at

−0.95 V vs. RHE. Meanwhile, Cl-Bi had the highest formate produc-

tion rate of 355 μmol h−1 cm−2 at −1.0 V vs. RHE (Fig. 5c), which

was 1.2 times higher than that of pure Bi (297 μmol h−1 cm−2

at −1.05 V vs. RHE). Notably, CO2RR to formate performance of

the Cl-Bi was superior to the reported Bi-based electrocatalysts,

which are summarized in Fig. 5d and Table S3 (Supporting infor-

mation). The electrochemical stability of Cl-Bi catalyst was mea-

sured though long-time durability test at −0.95 V vs. RHE (Fig. 5e).

The current density and FEHCOOH maintained stable during 35 h op-

eration, demonstrating the excellent stability of the Cl-Bi catalyst.

Moreover, the component and morphology were maintained well

in Figs. S2 and S3 (Supporting information).

The Cl-Bi catalyst was further used for CO2RR in a flow cell (Fig.

5f) and the diagram of flow-cell was illustrated in Fig. S4 (Support-

ing information). The current density of Cl-Bi was increased to 100

mA/cm2 at −0.95 V vs. RHE (Fig. 5g) in the flow cell, which was

5.5 times larger than that in H-type cell. As shown in Fig. S5 (Sup-

porting information), the FEformate of Cl-Bi exceeded 80% at −0.7

V to −1.1 V vs. RHE with a CO2 flow rate of 30 sccm (standard-

state cubic centimeter per minute). Moreover, the long-term sta-

bility test result exhibited that during 7 h operation, the current

density had no significant attenuation and FEHCOOH remained sta-

ble (Fig. 5h), indicating the good stability of Cl-Bi catalyst. The LSV

curves of Cl-Bi catalyst before and after the long-term stability test

showed that the two curves nearly coincided (Fig. S6 in Supporting

information).

To get insight into the distinct CO2RR performance between Cl-

Bi and Bi, in situ ATR-SEIRAS was conducted from −0.6 V to −1.3

V vs. RHE (Figs. 6a-c). The potential-dependent ATR-SEIRAS of Cl-Bi

and Bi catalysts for CO2RR was acquired in the range of 600-4000

cm−1 in 0.5 mol/L NaHCO3. Herein, the reduction of intermediates

is shown with negative peaks, while the increase in intermediates

is shown with positive peaks [35–37]. The peaks were correspond-

ing with absorbed CO2 molecules (2340 cm−1) [38]. As the poten-

tials stepped down from −0.6 to −1.3 vs. RHE, CO2 continually de-

creased. The peak of 1230 cm−1 in Cl-Bi and Bi catalysts was from

O–C–O vibration in OCHO∗ species, and the intensity on Cl-Bi cata-

lyst was higher than on Bi catalyst [39]. In particular, the negative

peak of 1650 and 3420 cm–1 on Cl-Bi was gradually intensified,
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Fig. 5. (a) LSV curves in 0.5 mol/L NaHCO3 electrolyte for Bi and Cl-Bi. (b) FEs of H2, CO and formate for Bi and Cl-Bi at different potentials. (c) Formate production rate of

Bi and Cl-Bi. (d) The comparison of Cl-Bi in CO2RR performances formate-producing catalysts with other reported catalysts using typical H-type cell. (e) Long-term stability

and FEHCOOH of Cl-Bi during 35 h. (f) Schematic illustration of flow cell. (g) LSV of Cl-Bi in flow/H-type cell. (h) Operational stability and FEHCOOH of Cl-Bi for 7 h at −0.9 V

vs. RHE.

Fig. 6. (a) Schematic diagram of in situ ATR-SEIRAS. In situ ATR-SEIRAS spectra of (b) Cl-Bi and (c) Bi at different potentials. (d) Cyclic voltammetry (CV) curves of the Cl-Bi

and Bi at 200 mV/s. (e) Calculated ECSA value of Cl-Bi and Bi at various potentials. (f) KIE of Cl and Cl-Bi measured under −0.95 V vs. RHE.

because of the constant consumption of water during the reac-

tion progressed [40–43]. Water consumption generated abundant

H∗ protons, which were involved in forming intermediates. For Bi

catalysts, however, the increase in intensity of this peak was much

smaller.

As the accelerated kinetics of the proton supply had been veri-

fied, the coverage of adsorption hydrogen (H∗) on the catalyst sur-

face could be investigated by electrochemical surface area (ECSA)

[40,41]. The ECSA of samples could be intuitive comparison by the

non-faraday electrical double-layer capacitance (Fig. 6d). After cal-

culation, the ECSA value of Cl-Bi was 0.51 mF/cm2 (Fig. 6e), which

was about 1.1-fold large than that of Bi (0.47 mF/cm2). The results

shown that Cl doping could effective regulation the H∗ coverage on

the catalyst surface. Furthermore, after normalized current densi-

ties of formate by ECSA, Cl-Bi still exhibted higher activity than Bi

(Fig. S7 in Supporting information). To estimate the reaction kinet-

ics of proton transfer rate of the process, the kinetic isotope effect

(KIE) of H/D (H2O/D2O) on Cl-Bi and Bi was calculated [35,44,45].

As shown in Fig. 6f and Fig. S8 (Supporting information), Bi exhib-

ited a larger KIE (1.425), implying a slow proton transfer process,

which would hinder the CO2 hydrogenation process. In contrast,

Cl-Bi possessed a smaller KIE (1.198), manifesting that it promoted

protons translocation and OCHO∗ intermediates formation. There-

fore, combining the above results, the improved CO2RR kinetics on

Cl-Bi were deciphered. Namely, Cl-Bi catalyst boosted the CO2 ad-

sorption and proton supply, thus, CO2
∗ and H∗ assembly-line for-

mation of OCHO∗ intermediates.

In summary, we designed and predicted by DFT calculations

that the introduction of Cl atoms on Bi surface could promote a fa-

vorable H2O dissociation into H∗, thus improve CO2
∗ and sufficient
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H∗ quickly combined to improve formate selectivity. And we pre-

pared Cl-Bi catalyst by a facile electrocatalytic reduction method

for the electrocatalytic CO2RR to formate. The Cl-Bi catalyst dis-

played the high FEformate (96.7%) at −0.95 V vs. RHE in an H-type

cell, with a current density of 18.8 mA/cm2. The FEformate of Cl-Bi

was obviously higher than that of Bi (89.4%). Furthermore, current

density reached 100 mA/cm2 and the FEformate was 94.4% at −0.9

V vs. RHE in a flow cell for CO2RR. The work provides a way to

design efficient Bi-based electrocatalyst with theoretical prediction

guidance, and offers a way to design efficient CO2RR electrocata-

lyst.
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