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Controllable synthesis of few-layer bismuth subcarbonate by 
electrochemical exfoliation for enhanced CO2 reduction 
performance 

Ying Zhang,[1],[2] Xiaolong Zhang,[1] Yunzhi Ling,[3] Fengwang Li,[1],[2] Alan. M. Bond,*[1],[2] Jie Zhang*[1],[2]

Abstract: Two-dimensional (2D) engineering of materials has been 
recently explored to enhance the performance of electrocatalysts by 
reducing their dimensionality and introducing more catalytically active 
sites. In this work, controllable synthesis of few-layer bismuth 
subcarbonate nanosheets has been achieved via an electrochemical 
exfoliation method. These nanosheets catalyse CO2 reduction to 
formate with high faradaic efficiency and high current density at a low 
overpotential owing to the 2D structure and co-existence of bismuth 
subcarbonate and bismuth metal under catalytic turnover conditions. 
Two underlying fast electron transfer processes revealed by Fourier-
transformed alternating current voltammetry (FTacV) are attributed to 
CO2 reduction at bismuth subcarbonate and bismuth metal. FTacV 
results also suggest that protonation of CO2

•- is the rate determining 
step for bismuth catalysed CO2 reduction. 

In excess of  2000 gigatonnes of CO2 have been released to the 
atmosphere due to the utilization of fossil fuels to improve the 
quality of life since the industrial revolution.[1] On one hand this 
has made life unprecedentedly convenient, but on the other it has 
raised significant issues related to the global environment and 
climate associated with the increasing rate of CO2 emission.[2] 
This situation has led to intensive exploration of clean alternative 
energy sources and development of efficient methods for CO2 
fixation.[3] 
 
Among all methods explored so far, electrochemical conversion 
of CO2 could be an efficient approach since it allows the 
production of valuable chemicals on a commercial scale.[4] 
However, one of the major challenges with the electrochemical 
method is to identify scalable and robust electrocatalysts with high 
energy efficiency and selectivity towards desirable product(s). 
This requires an enhanced understanding of the nature of active 
sites and how to expose more catalytically active sites when 
designing a catalyst.[5] On this basis, two-dimensional (2D) 
engineering of bulk materials with a layered crystal structure owns 
the specific advantage of exposing the active edge and defect 

plane sites, which are substantially missing in their bulk 
countparts.[6] In this context, Ajayan’s group synthesised a series 
of nitrogen-doped graphene catalysts and revealed that the 
nitrogen dopant is the most active site for reducing CO2 to CO.[7] 
Xie’s group developed partially oxidised 2D layered cobalt 
catalysts which exhibit higher activity and selectivity for formate 
formation at lower overpotentials than the bulk materials.[8] 
Zheng’s group reported ultrathin hybrid Cu/Ni(OH)2 nanosheets 
which selectively converted CO2 into CO with a faradaic efficiency 
of 92% at a low overpotential of 390 mV owing to the existence of 
an ultrastable Cu(0)-enriched surface.[9] Our group developed a 
simultaneous electrochemical exfoliation method to fabricate a 
few-layer antimony nanosheet and graphene composite which 
displayed enhanced activity towards CO2 reduction to formate, 
relative to bulk antimony metal.[10] These examples reveal the 
advantage of 2D electrocatalysts arising from their reduced 
dimensionality and symmetry.[11] 
 
Bismuth is a formate-producing metal that has an advantage over 
other metals with respect to long-term stability.[12] However, it 
either requires a high overpotential of at least 800 mV[12b] (all 
overpotentials are reported using equations and parameters in 
the Supporting Information) or only achieves a relatively low 
current density of less than 10 mA cm-2,[13] which inhibits the 
practical application of bismuth based electrocatalysts. In this 
paper, a novel controllable method for the synthesis of few-layer 
(about 6 atomic layers) bismuth subcarbonate material is reported. 
This material is utilised to convert CO2 into formate with a high 
faradaic efficiency (85%) at a much lower overpotential (610 mV) 
and with a significantly higher current density in excess of 10 mA 
cm-2. The excellent current density is attributed to the 2D structure 
which enhances electron mobility and the lower overpotenial to 
the co-existence of bismuth subcarbonate and bismuth metal 
under catalytic turnover conditions. 
 
Bismuth subcarbonate is a layered material consisting of CO3

2- 
and [Bi2O2]2+ with an interlayer distance of 0.684 nm as 
schematically shown in Figure 1a. Bismuth subcarbonate 
nanomaterials were synthesized traditionally by a solvothermal 
method at high temperatures with prolonged reaction times via 
reactions described in equations 1 to 3.  
 

NH#CONH# + 2H#O ⟶ CO)#* + 2NH+,               (1) 
Bi(NO))) + H#O ⟶ BiONO) + 2H, + 2NO)*      (2) 
CO)#* + 2BiONO) ⟶ Bi#O#CO) + 2NO)*             (3) 

 
Although materials with various morphology, including 
nanocubes, nanobars, nanoplates, etc. can be made through 
controlling the precursors, reactant ratios, reaction temperature 
and time,[14] the synthesis of few-layer 2D nanosheets is difficult 
to achieve by this method. The introduction of surfactant can help 
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to control the growth of 2D bismuth subcarbonate, but this only 
leads to nanoplates with a thickness of around 25 nm instead of 
ultrathin nanosheets.[15] 
 
In this study, we report the synthesis of few-layer bismuth 
subcarbonate nanosheets (BOCNS) by electrochemical 
exfoliation of bismuth flakes (see scanning electron microscopy 
(SEM) image shown in Figure S1) in an aqueous 0.5 M Na2CO3 
solution to form metallic bismuth nanosheets (see transmission 
electron microscopy (TEM) images shown in Figure S2). This 
strategy provides a template to form the few-layer BOCNS via a 
spontaneous reaction with CO3

2- and oxygen from both air and 
anodic water oxidation and a self-assembly process, as 
schematically illustrated in Figure 1b. The overall process can be 
summarised by the reactions given in equations 4 and 5. 
 

4Bi + 3O# + 2H#O ⟶ 4BiO, + 4OH*                  (4) 
2BiO, + CO)#* ⟶ Bi#O#CO)                                (5) 

 

Figure 1. (a) Bismuth subcarbonate crystal structure and (b) schematic 
illustration of the electrochemical exfoliation method used for the preparation of 
BOCNS. 

The BOCNS nanosheet structure has an average lateral size of 
about 300 nm, as revealed in the TEM image in figure 2a. The 
spacing of the lattice fringes is 0.175 nm, as shown in the high-
resolution TEM (HRTEM) image (Figure 2b), which corresponds 
to the distance of the (116) planes of tetragonal bismuth 
subcarbonate. The selected area electron diffraction (SAED) 
patterns of BOCNS display polycrystalline features (Figure 2c). 
The atomic force microscopy (AFM) image and inset TEM image 
of bent BOCNS confirm that the thickness of the nanosheet is 
approximately 4 nm (Figure 2d). According to the crystal structure 
of bismuth subcarbonate[16], the interlayer distance is 0.684 nm 
(Figure 1a), meaning that electrochemical exfoliated BOCNS are 
only about 6 atomic layers in thickness. The X-ray diffraction 
(XRD) pattern is consistent with the standard card of bismuth 
subcarbonate (JCPDS card No. 41-1488), confirming both high 
crystallinity and purity (Figure 2e). The thickness of BOCNS is 
highly depended on the metallic bismuth template and the effect 
of the nanostructure of metallic bismuth precursor and supporting 
electrolyte cation on the structure of bismuth subcarbonate is 
summarised in the Supporting Information (Figures S3 and S4). 
 
The few-layer BOCNS were examined as electrocatalysts for CO2 
reduction using a range of techniques. Cyclic voltammetry (CV) 
was first used to reveal the transformation between bismuth 
subcarbonate and metallic bismuth in a CO2-saturated aqueous 
0.5 M NaHCO3 solution using a BOCNS modified carbon paper 

(represented as a BOCNS electrode) working electrode (Figure 
S5). In the first negative potential direction sweep, the broad 
process that emerged in the potential region more negative than 
0.1 V vs. RHE (all potentials hereafter are given with respect to 
RHE unless otherwise stated) is attributed to the reduction of 
bismuth subcarbonate to bismuth metal, as suggested by the 
XRD pattern obtained from the reduction product (Figure S6a). A 
rapid increase in reduction current is also observed when the 
potential is more negative than -0.8 V. The nature of this process 
is further discussed below. In the reverse positive potential 
direction sweep, bismuth metal is oxidised to a bismuth 
subcarbonate, which is again confirmed by its XRD pattern shown 
in Figure S6b. The fact that the area associated with the reduction 
of BOCNS is significantly larger than that for the oxidation of 
bismuth metal suggests that oxidation is incomplete. In the 
second negative potential direction sweep, a sharp reduction 
process with a peak potential of 0.04 V is observed, which is also 
attributed to the reduction of bismuth subcarbonate. The distinctly 
different features associated with the bismuth subcarbonate in the 
first and second negative potential direction sweeps are attributed 
to the difference in the resistance of the bismuth materials; 
partially oxidized bismuth metal is more conductive than bismuth 
subcarbonate which is an electrical insulator. Upon repetitive 
cycling of the potential, the characteristics of both the oxidation 
and reduction processes remain unchanged.  

Figure 2. (a) TEM and (b) HRTEM images of electrochemical exfoliated BOCNS. 
(c) SEAD pattern from BOCNS. (d) AFM image with height profile shown as the 
black line along with the TEM image of bent sheets. (e) Comparison of relative 
intensity of XRD pattern of BOCNS and standard diffraction peaks (JCPDS card 
No. 41-1488) for tetragonal bismuth subcarbonate. 

To reveal the nature of the reduction process at the potential 
which is more negative than -0.8 V, a BOCNS electrode was first 
treated in an aqueous 0.5 M NaHCO3 solution by applying a 
potential bias of -0.4 V for 30 min to reduce bismuth subcarbonate 
to bismuth metal. Electrodes freshly prepared in this way were 
then used to record linear-sweep voltammograms (LSVs) in both 
N2- and CO2-saturated aqueous 0.5 M NaHCO3 solutions (Figure 
S7). In these experiments, an initial potential of 0.2 V was chosen 
to avoid oxidation of bismuth metal. As shown in Figure S7, the 
modified electrode exhibits a larger current and a less negative 
onset potential under a CO2 atmosphere, which are indicators of 
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CO2 reduction catalytic activity. For comparison, measurements 
were also undertaken using a bulk bismuth plate electrode, which 
shows much lower CO2 reduction activity, judged on the basis of 
both the onset potential and the current density.  
 
Bulk electrolysis was employed to provide more detailed evidence 
related to the direct involvement of CO2 in the reduction process 
and the nature of this process. The gaseous products were found 
to be CO and H2 while formate was the only product detected in 
the liquid phase. Their faradaic efficiencies (FEs) over the 
potential range of -0.65 to -1.0 V are summarised in Figure 3a. 
These three products are confirmed to be the major reduction 
products since the combined FE values are close to 100% at all 
applied potentials. The selectivity towards formate and H2 is 
dependent on the applied potential. The CO selectivity is less 
dependent on potential but the amount is always small. In the low 
negative potential range (-0.65 to -0.8 V), the FE of formate 
reaches a maximum value of about 85 % at -0.7 V with a current 
density of ~11 mA cm-2 (Figure 3b, normalized by the geometric 
surface area) and then decreases as the potential becomes more 
negative, until the more negative potential range of -0.8 to -1.0 V 
is reached when the FE of formate again increases. These 
observations suggest that different catalytic pathways may exist 
in these two potential regions. To understand the potential 
dependent formate FE values, XRD analysis of the catalyst was 
conducted post bulk electrolysis. As shown in Figures 3c and S8, 
bismuth subcarbonate and metallic bismuth coexist in the 
potential range from -0.65 to -0.8 V which is a region where the 
metallic bismuth catalyst usually displays poor activity (the 
detailed bulk electrolysis results including the yields of formate, 
CO and H2 using bismuth foil electrodes have been provided in 
previous work[12a]). Apparently, in the presence of bismuth 
subcarbonate, the overpotential towards formate formation is 
significantly decreased. A similar observation was also reported 
with oxide-derived metal catalysts and was attributed to the 
presence of metastable oxides which stabilize reduced CO2 
intermediates.[17] By analogy, it is postulated that the metastable 
bismuth subcarbonate plays the same role. As the potential 
becomes more negative than -0.8 V, the FE of formate initially 
decreases then increases when bismuth subcarbonate is fully 
reduced to bismuth metal as evidenced by XRD data (Figure S8). 
This latter trend mimics that of nanostructured bismuth 
catalysts.[12a] To confirm the critical role of bismuth subcarbonate 
on CO2 reduction, a BOCNS electrode was first treated at -1.0 V 
for 30 min to fully reduce bismuth subcarbonate to metallic 
bismuth (confirmed by the XRD spectrum taken after reduction; 
Figure S8). This electrode (Electrode A in Figure S9) was then 
immediately used to perform bulk electrolysis at -0.7 V. The FE 
values for H2, CO and formate are 60%, 3.2% and 30% 
respectively, which suggest CO2 reduction selectivity of this 
bismuth modified electrode is substantially poorer. Interestingly, if 
the same electrode was immersed in aqueous 0.5 M NaHCO3 
electrolyte solutions under ambient conditions for 2 h, the 
morphology was significantly restored (Figure S10). When bulk 
electrolysis (Electrode B in Figure S9) was again undertaken at -
0.7 V, the CO2 reduction selectivity is almost fully restored. The 
activity is also restored but to a lesser extent. Thus, an effective 
repairing mechanism is available for the BOCNS electrode. 
Additionally, the BOCNS electrode also shows excellent stability 

over 12 h as shown in Figure 3d. XRD analysis of the catalyst 
after electrolysis for 12 h (Figure S11) shows that long-time 
electrolysis does not lead to complete reduction of bismuth 
subcarbonate. 

Figure 3. (a) FE for formate, CO and H2 and (b) total current density using a 
BOCNS electrode at designated applied potentials in a CO2-saturated aqueous 
0.5 M NaHCO3 electrolyte solution. (c) XRD pattern of the BOCNS obtained 
after 30 min of bulk electrolysis at an applied potential of -0.65 V with inset TEM 
image of the same post electrolysis sample. (d) Long-term stability test of a 
BOCNS electrode at an applied potential of -0.7 V for 12 h. 

Fourier-transformed alternating current voltammetry (FTacV) was 
employed to gain further insights into the role of bismuth 
subcarbonate in the electrocatalytic reduction of CO2 using both 
a BOCNS electrode and Electrode A. In FTacV, a large amplitude 
sine wave is superimposed onto the dc ramp in order to enhance 
the magnitude of the non-linear harmonic ac components. The 
total current obtained from this measurement is then subjected to 
inverse FT to obtain the aperiodic dc and ac harmonic 
components. A detailed description of the principles and 
applications of FTacV can be found in review articles.[18] This 
technique has the advantage of providing direct access to fast 
underlying electron transfer processes in the third and higher 
harmonic ac components that are highly sensitive to electron 
transfer kinetics and devoid of non-faradaic background current 
contributions.[19] FTacV has been previously used to reveal the 
fast electron transfer processes associated with electrocatalytic 
water oxidation and CO2 reduction.[20]  
 
In FTacV measurements with a BOCNS electrode (Figure S12), 
a complex response not observed under dc cyclic voltammetric 
conditions, is evident in the 4th harmonic component under a CO2 
atmosphere. This response is not detectable under a N2 
atmosphere, so is directly relevant to CO2 reduction. FTacV data 
obtained on a BOCNS electrode and Electrode A (reduced at an 
applied potential of -1.0 V for 30 min to fully reduce the BOCNS 
content) reveal that this complex response consists of two closely 
spaced electron transfer processes, with Process I at -0.45 V 
(highlighted in yellow) being related to BOCNS and Process II at 
-0.55 V (highlighted in pink) to metallic bismuth. Importantly, both 
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are located in the potential region where catalytic CO2 reduction 
starts to emerge, suggesting their direct relevance to catalysis. 
The analogous response observed under FTacV conditions in our 
study on CO2 reduction catalysed by tin was attributed to the rapid 
surface confined CO2/CO2

•- process.[20a] The magnitude of 
Process II detected with Electrode A decreases with a lowering of 
the CO2 concentration as discussed in Supporting Information 
(Figure S13) and is negligible in a N2 saturated solution. It should 
be noted that as the CO2 concentration decreases, the pH of the 
solution increases from 7.2 to 8.1. However, the characteristics of 
Process II, except the magnitude of current remain essentially 
unaltered on changing the CO2 concentration (Figure S13). The 
independence on potential vs. Ag/AgCl implies that proton 
transfer is not coupled to electron transfer in Process II, consistent 
with the mechanistic assignment. Based on these and previous 
findings,[20a] the rate determining step for CO2 reduction catalysed 
by reduced BOCNS is assigned to the protonation of CO2

•-. The 
less active Electrode A produced a smaller current for Process II 
suggesting that this feature is an indicator of catalytic activity of 
metallic bismuth for CO2 reduction (Figure S12), also consistent 
with the tin electrode studies.[20a] It was not possible to identify a 
switching potential that allowed the detection of just Process I in 
multiple cycling experiments without achieving further reduction 
of BOCNS and hence a decay in the current. The inability to 
detect details of process I in isolation prohibits a quantitative 
investigation of the CO2 concentration dependence of Process I, 
so that detailed mechanism associated with Process I has not 
been revealed in this study.  
 
In summary, a novel controllable method for the synthesis of a 
few-layer bismuth subcarbonate nanosheet catalyst for CO2 
reduction has been developed via the spontaneous reaction 
between oxidised exfoliated bismuth nanosheets and CO3

2- 
anions present in the electrolyte solution. This few-layer BOCNS 
catalyst displays high activity and selectivity towards 
electrochemical CO2 reduction to formate. The highest FE of 
formate (85%) is achieved at -0.7 V vs. RHE where metallic 
bismuth and metastable bismuth subcarbonate coexist. The 
presence of bismuth subcarbonate and the ultrathin 2D structure 
enhance the activity of formate formation and hence lowers the 
overpotential. The BOCNS catalyst has a substantial range of 
potentials where relatively high FE can be achieved for formate 
formation. This catalyst is stable for at least 12 h under catalytic 
turnover conditions and has inbuilt repair capability. The 4th 
harmonic in FTacV experiments reveals two fast underlying 
processes with Process I being related to BOCNS and Process II 
to metallic bismuth, confirming the existence of two catalytic 
pathways. Detailed examination of Process II suggests that the 
rate determining step of CO2 reduction at metallic bismuth is the 
protonation of CO2

•-.  
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COMMUNICATION 
A few-layer bismuth subcarbonate 
material synthesized from a 
controllable electrochemical 
exfoliation method shows 
significantly lower overpotential 
and higher current density for 
electrocatalytic reduction of CO2 
to formate in comparison with 
metallic bismuth materials. The 
role of bismuth subcarbonate is 
revealed through a systematic 
Fourier transformed ac 
voltammetric study. 
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Experimental Section 

Chemicals. Bulk polycrystalline metallic bismuth flake (99.999%) was purchased from Jinjia 

Metal, China; bismuth foil (99.9%) from Zr-industrial, Shanghai, China; sodium sulfate, 

deuterium oxide (99.9 atom % D) and nafion (5 wt%) from Sigma-Aldrich; sodium carbonate 

(ACS grade), sodium bicarbonate (ACS grade), ethanol (99.7%), acetone (≥ 99.0%) and 

dimethylsulfoxide (99.9%) from Merck; nitrogen (99.999%) and carbon dioxide (> 99.9%, 

Aligal) from Air Liquide, Australia; carbon paper (SIGRACET GDL 38AA, 225 ± 30 µm) 

from SGL Carbon GmbH; Vulcan XC-72 carbon black from Cabot Australia. All chemicals 

were used as supplied by the manufacturer. All aqueous solutions were prepared using high 

purity water obtained from a Milli-Q water purification system (18.2 MΩ cm). 

Synthesis of bismuth subcarbonate nanosheets. The electrochemical exfoliation was carried 

out in a two-electrode system, with a small piece of bismuth flake as the cathode and Pt foil as 

the anode. The two electrodes were placed parallel to each other with a separation of about 1.5 

cm. The electrolyte solution was freshly prepared aqueous 0.5 M Na2CO3. To drive the 

exfoliation process, a direct current potential difference of 10 V was applied. After formation 

of a significant quantity, the white solid formed was transferred into a tube and centrifuged at 

a speed of 8000 rpm for 3 min and then washed with water. The washing step was repeated at 

least 3 times so as to remove all electrolyte. Finally, the white powder was dried under vacuum 

prior to further use. 

Farbrication of working electrodes for electrochemical CO2 reduction. The catalyst in the 

form of an ink was prepared by mixing 10 mg of bismuth subcabonate nanosheet, 5 mg of 

carbon black, ethanol/water (2:3 v/v, 1.9 ml) and nafion (5%, 0.1 ml) under sonication for 30 

min. To prepare a working electrode, 200 µL of the catalyst ink was pipetted onto one side of 

a sheet of carbon paper (1 cm × 1 cm) and dried under an infrared lamp. 



Electrochemical characterization. Cyclic voltammetric (CV) measurements were undertaken 

with a CHI 760E electrochemical workstation using a standard three-electrode arrangement 

with a BOCNS working electrode, a Ag/AgCl (1 M KCl) reference electrode and platinum 

wire counter electrode. FTacV experiments were carried out with a home-built instrumentS1 

using an applied sine wave perturbation having an amplitude (ΔE) of 80 mV with a frequency 

(f) of 9.02 Hz. All electrochemical experiments were undertaken at room temperature (22 r 2 

qC). Bulk electrolysis experiments were undertaken in a two-component gas-tight H-shaped 

electrolysis cell using a BOCNS working electrode and a salt bridge separated Ag/AgCl (1 M 

KCl) reference electrode in one compartment, and a graphite rod counter electrode in the other 

compartment. The electrolysis cell compartments were separated by a glass frit. Each 

compartment contained 10 mL of 0.5 M electrolyte solution (NaHCO3). The volume of the 

headspace was 20 mL. Before bulk electrolysis, the solutions in both compartments were 

bubbled with CO2 for at least 30 mins. The formula used to convert potentials vs. Ag/AgCl (1 

M) to vs. RHE is: E vs. RHE = E (V) vs. Ag/AgCl (1 M KCl) + 0.222 (V) + 0.0586 (V) × pH 

(22 qC). 

Analysis of the bulk electrolysis products. The gaseous products were collected in a gas-tight 

syringe (200 µL) and then determined by an Agilent (7820 A) gas chromatography system 

equipped with a HP-plot molesieve (5Å) column and a thermal conductivity detector (TCD). 

H2 was quantified with a 24 m length column using N2 as the carrier gas while CO was 

determined with a 4 m length column using He as the carrier gas. The liquid product was 

analysed by 1H NMR spectroscopy using a Bruker DRX400 spectrometer at a frequency of 

400.2 MHz. NMR samples were prepared by mixing 0.5 mL of the product-containing 

electrolyte and 0.1 mL D2O which contained 100 ppm (v/v) DMSO as the internal standard. 



Physical characterization. X-ray diffraction (XRD) data were collected with a Bruker D8 

ADVANCED power diffractometer using Cu Kα radiation (λ = 0.15406 nm). Atomic force 

microscopy (AFM) was carried out with a Bruker Dimension Icon SPM instrument in the air 

with a Pt/Ir coated silicon cantilever used as the conductive probe. Scanning electron 

microscopic (SEM) images were obtained with a FEI Magellan 400 XHR FEGSEM Instrument. 

Transmission electron microscopy (TEM) images and diffraction patterns were acquired with 

a FEI Tecnai G2 T20 TWIN TEM operated at 200 kV. Diffraction patterns were obtained in 

the TEM diffraction mode using a spot size of 3 or 4.  

Calculation of the overpotential. The overpotential was calculated as the difference between 

the reported cathodic potential and the standard (equilibrium) reduction potential (𝜂 = |𝐸𝐶𝑑 −

𝐸𝑒𝑞|). The standard reduction potential for converting CO2 into formate in aqueous 0.5 M 

NaHCO3 electrolyte solutions is -0.09 V vs. RHE.S1  

 

 

 

 

 

 

 

 

 

 



Figure S1. (a) SEM image and (b) XRD powder pattern of a bulk bismuth flake used for 

electrochemical exfoliation. As seen in Figure S2, the layered structure of the bulk bismuth 

flake facilitates exfoliation into 2D mono- or few-layer bismuth nanosheets.  

 

 

Figure S2. (a) TEM image and (b) XRD powder pattern of the bismuth nanosheets prepared 

under a N2 atmosphere to avoid oxidation. The inset in (a) shows a HRTEM image of bismuth 

nanosheets, confirming its sheet rather than particle like structure. Formation of pure bismuth 

metal is confirmed by comparing the XRD powder pattern of prepared material (red) with the 

standard bismuth PDF card 44-1246 (black). 

 

 



Effect of the nanostructure of metallic bismuth precursor and supporting electrolyte 

cation on the structure of bismuth subcarbonate. 

Ground powders of bismuth flakes (> 1µm × 1µm × 1µm) were immersed into aqueous 0.5 M 

Na2CO3 solutions for 5 days. Using this strategy, layered bismuth subcarbonate can also be 

obtained but with a significantly larger thickness of ~100 nm thereby revealing the importance 

of using electrochemical exfoliated bismuth nanosheets for the formation of the few-layer 

bismuth subcarbonate nanosheets. 

 

Since intercalation of electrolyte cations is a key step in exfoliation of bismuth flakes, the 

identity of the electrolyte cation is expected to influence their nanostructure and subsequently 

that of BOCNS. Indeed, when 0.5 M K2CO3 aqueous solution was used, as an alternative to 

0.5 M Na2CO3, significantly thicker BOCNS were obtained (~12 nm, see Figure S4). Here, the 

size of cations relative to the interlayer space of bulk bismuth flakes has an impact on the 

exfoliation rate. Cations with smaller size (e.g., dehydrated Li+) lead to insufficient 

intercalation while larger ones (e.g., dehydrated K+) are less likely to efficiently to intercalate 

the interlayer space of bismuth flakes. Both result in lower exfoliation rates and thicker 

exfoliated sheets. Dehydrated Na+ has the optimal size for the exfoliation of bismuth flakes to 

BOCNS. This study reveals that electro-exfoliation provides a versatile method for controlling 

the structure of BOCNS. Furthermore, the electrochemically exfoliated bismuth nanosheets 

react rapidly with oxygen and carbonate at room temperature to form BOCNS, which is another 

advantage relative to the traditional solvothermal approach.  

 

 

 

 



Figure S3. (a) SEM image and (b) XRD powder pattern of ground bismuth flake powders after 

immersion in an aqueous 0.5 M Na2CO3 solution for 5 days compared with Bi and Bi2O2CO3 

standard cards. The inset in (a) is a photograph of the ground bismuth powder at the bottom of 

a tube.  

 

 

Figure S4. A TEM image of BOCNS synthesised with an average thickness of more than 12 

nm from a 0.5 M K2CO3 aqueous electrolyte. The significantly greater thickness compared to 

BOCNS synthesised from 0.5 M Na2CO3 mitigates against self-assembly into a three-

dimensional nanostructure. 

 

 



Figure S5. Cyclic voltammograms obtained at a scan rate of 100 mV s-1 using a BOCNS 

electrode in N2- and CO2-saturated aqueous 0.5 M NaHCO3 electrolyte solutions.  

 

 

 

Figure S6. XRD powder pattern of (a) reduced BOCNS and (b) reduced BOCNS electrode 

post oxidation. The BOCNS electrode initially was reduced at a potential of -0.95 V for 10 min, 

then oxidised at 1.15 V for 10 min.  

 

 

 



Figure S7. Linear sweep voltammograms obtained at a scan rate of 100 mV s-1 with BOCNS 

and bismuth foil electrodes in N2- and CO2-saturated aqueous 0.5 M NaHCO3 electrolyte 

solutions.  

 

 

Figure S8. (a, b, c) TEM images and (d, e, f) XRD powder patterns of BOCNS electrode post 

30 min of electrolysis at designated applied potentials. 

 

 



Repairing of a bismuth subcarbonate modified electrode. 

The SEM images in Figure S9 show the morphology transition of a BOCNS electrode from an 

active form, to a reduced form and to a regenerated active form. Specifically, after the complete 

reduction of bismuth subcarbonate to metallic bismuth, the morphology transforms to that of 

an exfoliated bismuth nanosheet. In principle, it is possible to reform the BOCNS from this 

metallic bismuth since only oxygen (from air) and CO32- (present in the electrolyte solution) 

are needed and the reaction occurs spontaneously under ambient conditions. A series of 

recovery experiments to confirm this hypothesis were designed with the following steps: 1) 

bulk electrolysis was undertaken using a BOCNS electrode at -0.7 V for 30 min; 2) bulk 

electrolysis was repeated with the same electrode  at -1.0 V for 30 min to fully reduce bismuth 

subcarbonate (designated as Electrode A); 3) bulk electrolysis was undertaken again using the 

Electrode A at -0.7 V immediately after step 2; 4) the same electrode was immersed in aqueous 

0.5 M NaHCO3 electrolyte solutions under ambient conditions for 2 h (designated as Electrode 

B) and bulk electrolysis was again undertaken at -0.7 V using Electrode B. Total current 

densities, morphological transitions and FEs were recorded for the three electrodes shown in 

Figure S9. The purpose of step 2 is to fully reduce bismuth subcarbonate to metallic bismuth 

while step 3 is used to access the performance of metallic bismuth at the same applied potential 

of -0.7 V. Clearly, and as expected, when bismuth subcarbonate is fully reduced, both the 

current density and the FE of formate decrease. However, after the recovery process, the 

performance is almost fully restored. The morphology transition followed the same trend (inset 

of Figures S9a and S10), implying restoration of nanosheet structure and recovery of activity. 

The presence of this recovery mechanism enhances the durability of bismuth subcarbonate for 

practical CO2 reduction applications. 

 

 



Figure S9. (a) Current density, morphology (inset in (a)) and (b) FEs of electrodes modified 

with bismuth materials. 

 

 

 

 

Figure S10. (a) Small and (b) large magnification TEM images of Electrode B, which show 

that the sheet-like morphology and the thickness (inset in (b)) are almost restored. 

 

 

 



Figure S11. XRD powder pattern of BOCNS electrode post 12 h of electrolysis at an applied 

potential of -0.7 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Analysis of underlying electron transfer processes by FTac Voltammetry. 

The technique of FTacV provides additional voltammetric information than available with the 

dc method because harmonic analysis allows the separation of faradaic and nonfaradaic current 

and provides data that are insensitive to catalytic current. After use of an FT-inverse FT 

sequence, the ac data can be resolved into a dc component as well as fundamental, second, and 

higher order ac harmonic components. The third and higher harmonic components are very 

sensitive to fast heterogeneous electron transfer processes but essentially devoid of 

contributions from catalytic and background charging currents.S2 In previous work with a tin 

electrode, the higher order ac harmonics revealed the existence of two closely spaced electron 

transfer processes involving the reduction of *CO2 and *H2CO3 (superscript * denote an 

adsorbed species) with reversible potentials of approximately -0.62 and -0.75 V vs. RHE that 

underpin the tin catalysed CO2 reduction.S3 Analogous processes are observed with bismuth 

based CO2 reduction catalysts as shown in Figure S11. On decreasing the CO2 concentration 

by replacement with N2, the current magnitudes associated with Process II decreases (Figure 

S12). However, even though the pH changes from 7.2 to 8.1, the potential where the electron 

transfer process is detected remains constant, which implies that the electron transfer process 

is not accompanied by proton transfer. Therefore, this process is assigned to the surface 

confined reaction ∗ CO2 + e− ⇌∗ CO2∙− on the basis of this and other evidences provided in a 

study with a tin based electrode.S3 

 

 

 

 

 

 



Figure S12. 4th harmonic components of FTac voltammograms displayed in both time (lower 

x axis) and potential (upper x axis) formats, derived from a BOCNS electrode in a 0.5 M 

NaHCO3 aqueous solution saturated with N2 or CO2 and Electrode A in the same solution 

saturated with CO2. FTacV parameters: f = 9.02 Hz, ∆E = 80 mV, and v = 33.53 mV s-1.  

 

 

Figure S13. 4th harmonic components of FTac voltammograms derived from a BOCNS 

electrode in a 0.5 M NaHCO3 aqueous solution initially saturated with CO2 which was then 

replaced by N2. FTacV parameters are f = 9.02 Hz, ∆E = 80 mV, v = 52.15 mV s-1. 
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