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Abstract
Oxides containing two dimensional (2D) metallic catalysts have shown enhanced
catalytic activity, stability, and product selectivity. Porous 3D structures maximize the
accessibility of the active sites, thus enhancing the catalytic performance of the catalysts. By
integrating these desirable features in a single catalyst, further improvement in catalytic activity
and selectivity is expected. In this study, oxide containing bismuth (Bi) nanosheets of about 4
nm thick interconnected to form a porous three dimensional structure were synthesized by
electrodeposition in the presence of phosphomolybdic acid under hydrogen evolution
conditions. These Bi nanosheets catalyze CO2 reduction in a CO2-saturated 0.5 M NaHCO3
solution to formate with a faradaic efficiency of 93 ± 2% at −0.86 V vs. RHE with a formate
partial current density as high as 30 mA cm−2. The Tafel slope of about 78 mV dec-1 suggests
that the protonation of the adsorbed CO2•- is the rate limiting step.
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Introduction
Carbon dioxide is a notorious gas and its increasing atmospheric concentration is chiefly
responsible for climate change. The development of methods to convert CO2 to useful
chemicals/fuels using renewable energy sources has attracted great attention worldwide.
Among these methods, electrochemical reduction of CO2 is promising. However, the
application of this method is limited by the high overpotential needed and low product
selectivity. In the CO2 reduction reaction (CO2RR), weak binding interactions between the
reaction intermediates and the catalyst, as well as the slow electron transfer kinetics result in
high overpotentials, and low active site density causes low exchange current densities. The low
product selectivity is mainly due to the competing hydrogen evolution reaction (HER) and, in
the case of copper-based catalysts, the various reaction pathways that are possible for the
electrochemical reduction of CO2.
Two dimensional materials have become promising catalysts for a wide range of
applications since they have shown very unique physical and chemical properties, and much
improved catalytic activities compared to their bulk counterparts.[1] Their nanoscale size and
low dimensional morphology provide more surface active sites and increased number of
unsaturated coordinating sites,[2] which can increase the adsorption of the reaction
intermediates on the catalyst surface, thus improving catalytic activity and product selectivity.
Further improvement in electrocatalytic performance has been achieved by introducing oxides
into the structure of two dimensional metallic materials to stabilize either the catalysts or the
CO2 reduction reaction intermediates. Notably, Xie et. al. have shown that 4-atom-thick cobalt
layers exhibit remarkable intrinsic activity and selectivity for formate production at very low
overpotential compared to their bulk counterparts.[3] This intrinsic activity was further
increased by partial oxidation of the atomic layers and showed a current density of 10 mA cm2

and a faradaic efficiency (FE) of ~90% for formate over 40 hours at an overpotential as low
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as 0.24V. The results suggest that appropriate morphology and oxidation state can convert a
nearly non-catalytic material for CO2 reduction into a very active and robust catalyst. Zheng et.
al. have also synthesized hybrid Cu/Ni(OH)2 nanosheets which catalyze CO2 reduction to CO
with a faradaic efficiency as high as 92% at an overpotential as low as 0.39V, where Ni(OH)2
plays an important role in stabilizing Cu nanosheets during the electrocatalysis.[4] However,
due to the difference in physical and chemical properties of the two elements, this kind of low
dimensional material is not common.
Bismuth (Bi) is a non-toxic, inexpensive and quasi-layered material which has shown
catalytic activity for electrochemical reduction of CO2 to formate in aqueous media[5] while
having high overpotential for the competing hydrogen evolution reaction. Bi-based materials
have also been applied as the catalysts for CO2 reduction to CO with high faradaic efficiency
and current density in organic solvents with ionic liquids as the promoters.[6] Very thin films
of Bi have a wide range of physical properties and have attracted significant interests from
researchers since the 1960s.[7] The epitaxial Bi thin films have been grown using a molecularbeam epitaxy which requires ultrahigh vacuum conditions.[8] Bi-based nanosheets were also
obtained by shear exfoliation of Bi flakes in both top-down and bottom-up approaches using a
kitchen blender[9] or by sonication,[10] ultrasound-assisted liquid laser ablation,[11] and
hydrothermal reaction.[12] 2D Bi nanosheets have also been generated by electroreduction of
pre-synthesized nanosheet templates, such as BiOCl,[5i] BiOBr,[5e] BiOI,[5f] bismuth oxide
sulfate and Bi2S3,[5h] bismuth subcarbonate (20 – 40 nm thick) synthesized by chemical reaction
[5j]

, and few layer thin bismuth subcarbonate generated by electrochemical exfoliation

method[5k]. By contrast, electrodeposition is a convenient technique to generate nanomaterials
without the requirement of high vacuum or high temperature. It has been used to synthesize Bi
nanoparticles,[13] monolayers,[14] nanowires,[15] nanodendrites[16] and Bi-based thin films.[17]
However, synthesis of Bi nanosheets by direct electrodeposition has rarely been reported. To
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the best of our knowledge, the only example reported used a pulse-current electrodeposition
method to produce Bi nanoflakes,[5b] with a thickness of about 10 – 15 nm.
Polyoxometalates are a class of metal oxide polyanionic clusters which consist of group
6 or 5 transition metals in their high oxidation states. They have rich structural features and
electrochemical properties, and have been used as reductants and stabilizing agents for the
synthesis of nanomaterials.[18] Recently, we have used phosphomolybdic acid, H3PMo12O40
(PMo), a Keggin type polyoxometalate, to synthesize nanostructured silver with dendrite
morphology by electrodeposition.[19] The presence of PMo in the deposition solution enabled
the formation of dendrite structure, since the surface energy of the newly formed nano silver is
lowered by the adsorption of PMo, thus stabilizing the nanostructure.
Porous 3D structures of metals make the catalytically active sites readily approachable,
thus enhancing the catalytic performance of the catalysts.[20] If this feature is combined with
metal/metal oxide nanosheets, the performance of the catalysts is expected to be further
enhanced.
With these considerations in mind, herein we report a facile polyoxometalate-assisted
growth of ultrathin Bi nanosheets (~ 4 nm thick) interconnected to form a porous structure by
electrodeposition under hydrogen evolution conditions. These Bi nanosheets catalyze CO2
reduction in a CO2-saturated 0.5 M NaHCO3 solution to formate with a faradaic efficiency of
93 ± 2% at −0.86 V vs. RHE with a formate partial current density as high as 30 mA cm−2. The
Tafel slope of about 78 mV dec-1 suggests that the initial one electron reduction to form the
adsorbed CO2•- is a fast step, followed by a rate limiting chemical reaction step. Under the same
conditions, Bi nanodendrites show a much lower faradaic efficiency of 57% for formate with
a lower overall current density of 10 mA cm-2 under the same conditions. A Tafel slope of 131
mV dec-1 was obtained on Bi nanodendrites, indicating a different reaction mechanism applied.
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The high catalytic activity and selectivity obtained on Bi nanosheets are mainly attributed to
the large amount of edge and corner active sites arising from the two dimensional morphology,
the stronger binding sites available from MoOx for CO2 and the reduction intermediates, and
the porous structure with readily accessible active sites. This study opens up a new avenue for
assembling oxide containing two dimensional metallic catalysts into a highly desirable porous
3D electrode for catalysis by a facile electrodeposition method.

Results and Discussion
Electrodeposition and characterization of Bi-PMo nanosheets
Cyclic voltammogram obtained in an aqueous 0.25 M HNO3 solution containing 1.0 mM
Bi(NO3)3 (Figure 1) on a glassy carbon (GC) electrode shows a simple reduction process with
a peak potential of -0.155 V vs. Ag/AgCl (3 M NaCl) assigned to the reduction of Bi3+ to Bi0,
and a large stripping process with a peak potential of 0.05 V due to the re-oxidation of Bi0 back
to Bi3+. The cyclic voltammogram of 2.0 mM PMo in 0.25 M HNO3 solution shows six welldefined PMo reduction processes (I – V) coupled with proton transfer in the potential range of
0.5 to -0.8 V.[21] The chemically reversible processes I/I', which have much smaller peak
currents compared to the others (Figure 1, inset figure), are associated with the adsorbed PMo
on the electrode surface.[19] After the addition of 1.0 mM Bi(NO3)3 to this PMo solution, most
of the characteristic reduction processes of PMo (II to VI) remain unchanged. However,
process I is replaced by process 1 at a potential of about 0.24 V with much higher current, and
the current for process II becomes smaller compared to that in the absence of Bi3+. Moreover,
a new reduction process 7 is observed at a potential of -0.36 V vs. Ag/AgCl, between processes
V and VI. When the potential is switched after process V, no stripping process is observed on
the reverse positive potential scan (Figure S1). Therefore, process 7 is assigned to the reduction
of Bi3+ to Bi0, which is about 200 mV more negative compared to that of -0.155 V in the
6

absence of PMo. This suggests that Bi3+ has very strong interaction with the negatively charged
PMo and its reduced forms, making it more difficult to be reduced. PMo undergoes a square
reaction scheme in the presence of Bi3+. The redox processes associated with PMo may shift if
the strength of the interaction of PMo with Bi3+ is dependent on the redox state of PMo.[22] In
the current case, no shift in potential associated with PMo processes was observed, implying
that the strengths of the interactions with Bi3+ are comparable for the oxidized and reduced
forms of PMo. Furthermore, no shift in potentials should be expected when PMo processes
emerge at more negative potentials than the Bi3+/0 process since the bound PMo is released as
a free anion once Bi3+ is reduced to Bi metal. The fact that a smaller stripping peak is obtained
at a more positive potential (0.12 mC, 0.13 V), compared to those in the absence of PMo (0.36
mC, 0.05 V), suggests that the compositions of the materials deposited during the reduction
process may not be the same.

Figure 1. Cyclic voltammograms obtained in aqueous 0.25 M HNO3 solutions containing: (—)
1.0 mM Bi(NO3)3 and 2.0 mM PMo, (—) 2.0 mM PMo only, and (—) 1.0 mM Bi(NO3)3 only.
Scan rate: 0.05 V s-1.

Synthesis of Bi nanomaterials was typically carried out by a double potential step
deposition method, first at E1 = -0.8 V for t1 = 50 s for slow growth of Bi0 to form an adhesion
layer, and then at E2 = -1.5 V for t2 = 350 s to form a porous structure. An initial potential (E1)
7

of ⁃0.8 V was chosen to generate highly reduced forms of PMo (strong capping agent) for the
formation of well-defined Bi nanostructure. A more negative value for E2 was chosen because
a lot of hydrogen bubbles are produced at the electrode surface at this potential, forming a
template for the generation of porous Bi nanomaterials with porous 3D structure for the benefit
of facile charge transfer and mass transport during electrocatalysis.[20] The SEM image of the
film obtained in a 0.25 M HNO3 solution containing 1.0 mM Bi(NO3)3 and 2.0 mM PMo shows
nanosheets with thickness of roughly about 3 – 10 nm interconnected to form 3D porous
structure (Figure 2a). In principle, transmission electron microscopy (TEM) characterization
can provide additional morphological information about the nanosheets. However, due to the
thinness of Bi-PMo nanosheets and the low melting point of Bi, under the high beam of high
resolution TEM, the nanosheets were fused and no high quality TEM images could be obtained.
The EDX spectrum (Figure S2) shows the presence of Mo in the deposited film. By contrast,
in the absence of PMo, a dendrite like nanostructure was obtained (Figure 2b). This suggests
that PMo plays an important role in the formation of nanosheet morphology. For convenience
of presentation, the Bi nanosheet material formed in the presence of PMo is called ‘Bi-PMo’
nanosheets. However, this is not intended to imply that the PMo structure remains intact in the
nanosheets. More details are given later.
Our experimental results showed that the Bi nanomaterials deposited by this double
potential step method have better adhesion on the electrode substrates, such as GC, graphite
rod and FTO than those by a single potential step deposition at either potential. Furthermore,
with the single potential step method even when PMo is present, only nanodendrites are formed
at a deposition potential of -0.8 V (Figure S3a), while at -1.5 V, some nanosheets are observed
along with nanodendrites and the morphology is not uniform (Figure S3b).
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Figure 2. SEM images of the films deposited on FTO electrodes in aqueous 0.25 M HNO3
solutions containing: a) 1.0 mM Bi(NO3)3 and 2.0 mM PMo, and b) 1.0 mM Bi(NO3)3 only.
Deposition was carried out using a two potential step method described in the Experimental
Section. The scale bars represent 2 μm.

The crystalline structures of Bi nanomaterials were characterized using XRD (Figure S4).
The XRD patterns of Bi-PMo nanosheets can be indexed to the (003), (012), (104), (110), (024),
(116) and (112) planes of rhombohedral Bi (JCPDS card No. 44-1246) (Figure S4a). No
obvious patterns for PMo or Mo oxides are observed, most likely due to the very low amount
of these materials on the nanosheets or the low crystallinity because of the nanosize. Bi
nanodendrites show similar patterns, which suggests that the presence of PMo during the
electrodeposition of Bi materials does not significantly affect their crystalline structures.
The topographic AFM image shows the nanosheet with a thickness of about 4 nm (Figure
3a). The height profile of the AFM image shows that the apparent height of the nanosheet above
the substrate is around 4 nm, and is consistent with that observed in the SEM image. These
results suggest that the nanosheet contains only 9 atomic layers based on the interlayer distance
of 4.64 Å.[23]
Raman scattering spectra were obtained on Bi-PMo nanosheets and H3PMo12O40 (PMo)
(Figure 3b) to characterize the compositions of Bi-PMo nanosheets. The strong bands at 997,
976, 903, 851, 776, 605 and 251 cm-1 observed for highly crystalline PMo are consistent with
those reported in the literature.[24] It is clear from Figure 3b that those bands typical for PMo
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are absent in the Raman spectrum obtained on Bi-PMo nanosheets, except the broad band at
605 cm-1, which is assigned to a combined stretching and bending of the Mo–O2c1 bonds.[24a]
This result indicates that the Mo detected on Bi-PMo nanosheets in EDX spectrum may not be
in the original form of PMo. Three new sharp bands at 874, 304, 131 cm-1, and three shoulders
at 793, 390 and 106 cm-1, which are not seen with PMo, are now observed on the nanosheets.
The bands at 874, 793 and 605 cm-1, which closely resemble, though do not totally match due
to the complexity of the composition of Bi-PMo nanosheets, those of MoOx,[25] are tentatively
assigned to the vibration modes of MoOx, while the bands at 390, 304 and 131 cm-1 are assigned
to the Bi-O stretches of the heavy metal oxide Bi2O3, and the one at 106 cm-1 is attributed to
the vibration mode of heavy metal Bi or the lattice vibration.[26] Bi2O3, which is not detected
by XRD, could be due to the oxidation of surface Bi metal on Bi-PMo nanosheets in air during
sample preparation and analysis. The Raman bands of Bi-PMo nanosheets are different from
those of Bi2MoO6,[27] suggesting that they may consist of Bi2O3 and Mo oxides, but not
Bi2MoO6.
X-ray photoelectron spectroscopy (XPS) was used to characterize the surface of Bi-PMo
nanosheets (Figures 3 c & d). For comparison, the XPS spectrum of H3PMo12O40 (PMo) was
also obtained (Figure S5a). The analysis of the XPS spectra of molybdenum oxide was carried
out using the insights reported by Baltrusaitis et. al.[28] For H3PMo12O40, both Mo and P were
detected at a ratio of P/Mo = 0.106. The high resolution Mo 3d peak could be fitted with a
single doublet, with a binding energy (BE) of 233.4 eV for the 3d5/2 peak. This BE position is
significantly higher than that of Mo(VI) in MoO3, however is consistent with Mo in compounds
similar to PMo based on entries within the NIST database.[29] Thus, these results indicate that
the PMo data can be used as a reference for the interpretation of the XPS spectra of Bi-PMo
nanosheets before and after controlled potential electrolysis. For Bi-PMo nanosheets, the
elemental quantification (Table S1) confirms the presence of the elements Bi, P and Mo. The
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P/Mo value is 0.121, compared to 0.106 measured for PMo (Table S1), suggesting that not all
of the Mo may be in the original form of PMo. This point is confirmed by the high resolution
Mo 3d spectrum (Figure 3c), where the spectrum is fitted with 4 separate doublets. The Mo in
PMo is still present in the fit, however, only represents a small fraction of the overall signal.
The three new contributions are assigned to Mo(VI), Mo(V) and Mo(IV) based on the binding
energy (BE) positions identified in Table S2. The contributions from Mo(VI) and Mo(V) are
approximately equal and represent the most dominant contributions to the fit. As detailed by
Baltrusaitis et. al.,[28] the precise contributions to the Mo(V) assignment are not clear, however
likely represent a broad range of Mo phases. The high resolution Bi 4f spectrum (Figure 3d)
shows two distinct doublets attributed to the Bi 4f7/2 peaks as detailed in Table S2. The lower
BE contribution is assigned to Bi(0),[30] while a significantly more intense contribution at
higher BE is assigned to Bi(III). Unfortunately, based on the peak position it is not clear
whether Bi(III) is in the form of bismuth oxide or bismuth molybdates (Bi2MoO6) since there
is significant overlap in the range of reported Bi 4f7/2 BE values for bismuth oxide[31] and
bismuth molybdates.[31c,

32]

However, as suggested by the Raman results, the presence of

Bi2MoO6 may be ruled out. Therefore, Bi(III) may be in the form of bismuth oxide.
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Figure 3. a) AFM image and height profile; b) Raman spectra of Bi-PMo nanosheets before
(—) and after electrolysis (—), and H3PMo12O40 (—); high resolution XPS spectra recorded
for c) Mo 3d and d) Bi 4f regions of Bi-PMo nanosheets.
Since the presence of PMo has a significant role in the formation of Bi-PMo nanosheet
structure, different PMo concentrations were studied. When the concentration of PMo is as low
as 0.02 mM, under the same deposition conditions, only a very small amount of nanosheets is
formed (Figure S6a) with the majority of nanodendrites. As the concentration of PMo increases
to 0.2 mM, more nanosheets are obtained (Figure S6b). At a PMo concentration of 2.0 mM,
Bi-PMo nanosheets are observed with no presence of nanodendrites (Figure 2a). Therefore, a
PMo concentration of 2.0 mM was used for the following studies unless otherwise stated.
The deposition of Bi-PMo nanocomposites was attempted in the absence of HNO3 (in an
aqueous solution containing only 1.0 mM Bi(NO3)3 and 5.0 mM PMo), similar to the
electrodeposition of Ag-PMo nanodendrites.[19] A PMo concentration of 5.0 mM (pH ≈ 1.75)
was used instead of 2.0 mM to make sure that [PMo12O40]3− and its protonated forms are the
dominant species,[33] similar to that in the presence of HNO3. The SEM image (Figure S7a)
shows that nanoparticles of the size of about 100 nm as well as larger blocks were formed. This
suggests that the presence of a high concentration of acid is also required for the formation of
Bi nanomaterials. However, at a higher acid concentration of 0.5 M, irregular shapes of the Bi
nanomaterials are observed (Figure S7b). This is due to the much higher rate of hydrogen
evolution on the electrode surface at this high acid concentration under the same deposition
12

conditions, which caused the deposited film to detach from the substrate surface thus affecting
the deposition of Bi nanostructure.
Electrochemical CO2 reduction in 0.5 M NaHCO3 media
In order to evaluate the catalytic activities of Bi-PMo nanosheets and Bi nanodendrites
for CO2 reduction, cyclic voltammetric experiments were carried out in N2 or CO2 saturated
0.5 M NaHCO3 aqueous solutions (Figure 4). For both Bi nanomaterials, much larger current
responses were observed under CO2 compared to those under a N2 atmosphere, which is
ascribed to their catalytic activities for CO2 reduction. Under a CO2 atmosphere, the reduction
current of about 32.5 mA cm−2 at −0.86 V vs. RHE was obtained on Bi-PMo nanosheets, which
is much higher than that of about 10 mA cm−2 obtained on Bi nanodendrites. The overpotential
required for the CO2 reduction reaction to achieve a current density of 5 mA cm-2 is about 0.2
V less on Bi-PMo nanosheets than that on Bi nanodendrites. This much enhanced CO2
reduction activity of Bi-PMo nanosheets could be at least partially attributed to the larger
electroactive surface area (ESA), since the capacitive current in the potential range between 0
and -0.5 V, which is indicative of the ESA, is much larger (~ 4 times larger) on Bi-PMo
nanosheets (more quantitative analysis of double layer capacitance is given in Figure S8).
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Figure 4. Cyclic voltammograms obtained on Bi nanosheets (solid lines) and nanodendrites
(dash lines) modified GC electrode in CO2 (black lines) or N2 (red lines) saturated 0.5 M
NaHCO3 aqueous solutions. Scan rate: 0.1 V s-1.

Voltammetric studies were also carried out to investigate the effects of deposition
conditions on the catalytic activities of the Bi nanomaterials. When the concentration of PMo
increases from 0.02 mM to 0.1 mM (Figure S9a), the catalytic CO2 reduction current density
at ⁃0.86 V vs. RHE does not change much, but the capacitive current in the potential range of
⁃0.06 to -0.56 V increases with the increase of PMo concentration. This capacitive current (at
⁃0.1 V) further increases with increasing PMo concentration up to 2.0 mM (Figures 4 & S9b),
indicating the formation of more nanosheets which enhances the ESA and the presence of more
adsorbed PMo. This is consistent with the SEM images taken from the samples prepared using
different concentrations of PMo. As the concentration of PMo increases from 0.1 mM to 2.0
mM, the catalytic current increases significantly (about 2.5 times at -0.86 V), along with the
positive shift of onset potentials from about -0.63 V to -0.45 V. Further increase of PMo
concentration from 2.0 to 5.0 mM does not lead to further increase in ESA and catalytic current.
The second deposition potential (E2) was varied from -1.0 V to -2.0 V to find the optimum
condition for the deposition of Bi-PMo nanomaterials which achieves the highest catalytic
activity towards CO2 reduction. The highest catalytic CO2 reduction current was obtained on
Bi-PMo nanosheets formed using E2 values of -1.5 or -1.6 V vs. Ag/AgCl. When the second
deposition time (t2) increases from 0 to 300 s, the catalytic CO2 reduction current also increases,
due to the deposition of more Bi-PMo nanosheets on the electrode surface, as also indicated by
the increased capacitive current in the potential range of -0.06 to -0.56 V. The onset potential
also shifts from around -0.63 to -0.45 V vs. RHE. Further increasing t2 to 400 s does not have
much influence on either the catalytic current or onset potential.
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Controlled potential electrolysis was carried out in CO2 saturated 0.5 M NaHCO3
solutions at various potentials to evaluate the catalytic activities and selectivity of Bi-PMo
nanosheets and other Bi nanomaterials for CO2 reduction. For Bi-PMo nanosheets deposited in
0.25 M HNO3 solution containing 1 mM Bi(NO3)3 and 2.0 mM PMo, formate and hydrogen
were detected as the main products (Figure 5) with overall FE close to 100%. A very small
amount of CO (< 2%) was also detected. At a potential as low as -0.53V, a FEformate of about
20 ± 4% was obtained, with about 51 ± 2% FEH2 (Figure S10). As the applied potential becomes
more negative, the FEformate increases significantly, and reaches about 93 ± 2% at a potential of
⁃0.86 V vs. RHE. At more negative potentials, the FEformate decreases due to the increase in
hydrogen evolution on Bi-PMo nanosheets (i.e. increase in FEH2). While for Bi nanodendrites,
a FEformate of 48 ± 2% was obtained at a potential of -0.77 V vs. RHE, which is 0.1 V more
negative than that obtained on Bi-PMo nanosheets. A maximum FEformate of 81 ± 2% was
obtained at a potential of -0.96 V. Representative gas chromatographs of H2 and CO obtained
from the headspace gas, and a 1H NMR spectrum obtained from the catholyte with added
DMSO as an internal standard, of CO2 reduction using Bi-PMo nanosheets as the catalysts are
presented in Figure S11.

Figure 5. Faradaic efficiencies for formate obtained on Bi-PMo nanosheets (▪) and Bi
nanodendrites (▪) at various applied potentials in CO2 saturated 0.5 M NaHCO3 solutions.
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The long term stability of the catalysts under catalytic turnover conditions is very
important for their practical applications. The stability of Bi-PMo nanosheets was studied by
controlled potential electrolysis at ⁃0.86 V for 10 hours. A total current density of around 32
mA cm-2 was maintained throughout the 10 hours testing period without obvious decay (Figure
6). The FEformate values determined during the first half and final half hour of the electrolysis
were about 95%. The SEM image (Figure S12a) and Raman spectrum (Figure 3b) obtained
after electrolysis on Bi-PMo nanosheets show similar characteristics as those obtained before
electrolysis (Figures 2a & 3b). The capacitive current in the potential range between 0 and -0.5
V measured on Bi-PMo nanosheets after the electrolysis (Figure S12b) is similar to that
obtained before electrolysis (Figure S8a), indicating that the ESA remains unchanged. These
results suggest that the morphology, reactivity and probably the composition of Bi-PMo
nanosheets remain unchanged under catalytic turnover conditions. The stability of Bi-PMo
nanosheets at other applied potentials was also studied by controlled potential electrolysis for
about 1 hour, and the results (Figure S13a) showed that the nanosheets are stable under all
potentials studied. The partial current density for formate (jformate) as a function of applied
potential is shown in Figure S13b, which shows that when the applied potential is at or more
negative than -0.86 V vs. RHE, jformate approaches the mass transport limiting value under our
experimental conditions, which is consistent with previous finding.[20]
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Figure 6. Long term stability study of Bi-PMo nanosheets during controlled potential
electrolysis at -0.86 V vs. RHE in a CO2 saturated 0.5 M NaHCO3 solution.

Mechanistic studies
The higher FEformate at lower overpotentials obtained on Bi-PMo nanosheets than those
on Bi nanodendrites cannot be solely attributed to their larger ESA. To obtain the mechanistic
insight into the enhanced CO2 reduction performance associated Bi-PMo nanosheets, their
surface composition after long term electrolysis was analysed using XPS, which showed
significant changes in the elemental quantification compared to those found before electrolysis
(Table S1). No signal for P was detected after electrolysis. The high resolution Mo 3d spectrum
(Figure S5b) is now fitted with 3 separate doublets, assigned to Mo(VI), Mo(V) and Mo(IV).
The doublet associated with PMo is not applicable as intensity is no longer observed at the Mo
3d2/3 peak position assigned to PMo (Figure S5a). Compared with Bi-PMo nanosheets before
electrolysis (Figure 3c), it appears that partial reduction of Mo(V) and Mo(VI) to Mo(IV)
occurred during electrolysis as the concentration of states now follows Mo(VI) > Mo(IV) >
Mo(V). The Mo 3d spectrum reported here is remarkably similar to that reported by Baltrusaitis
et. al.[28] for amorphous molybdenum oxide synthesized by electrodeposition (see Figure 9 in
Reference [28]). No significant difference was observed in the Bi 4f spectrum based on the peak
positions listed in Table S1 and Figures 3d and S5c.
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Since MoOx originated from PMo is also present in Bi-PMo nanosheets under catalytic
turnover conditions, experiments were carried out to study the catalytic activity of MoOx
modified glassy carbon electrode on CO2 reduction. To fabricate a MoOx modified GC, a PMo
modified GC was formed according to the procedure described in the Experimental Section.
Cyclic voltammogram obtained on the PMo-modified GC in a 2 M H2SO4 aqueous solution
shows three well defined surface-confined processes in the potential range of 0.55 - ⁃0.1 V vs.
Ag/AgCl (3M NaCl) (Figure S14a), confirming the presence of PMo on the GC surface. A
surface coverage of 4.2 × 10-11 mol cm-2 was calculated by integration of the charge of the
second reduction process. Cyclic voltammogram obtained on the PMo modified GC in a CO2
saturated 0.5 M NaHCO3 solution shows a current density about twice that of a bare GC under
the same conditions (Figure S14b), but is negligibly small compared to that obtained on BiPMo nanosheets (Figure 4). The voltammogram obtained in 2 M H2SO4 on the PMo modified
GC after the CO2 reduction experiment shows that all three surface confined redox processes
are now gone. This is expected as PMo is not stable in aqueous solutions with pH > 3, and
decomposes to various molybdenum oxide species.[33] In order to identify whether PMo and its
decomposed oxide species can catalyze CO2 reduction, controlled potential electrolysis was
also carried out in a CO2-saturated 0.5 M NaHCO3 solution using PMo modified GC plate (~
9 cm2) at -0.86 V vs. RHE, where maximum FEformate was obtained on Bi-PMo nanosheets. The
analysis of electrolysis products show that hydrogen is the major product, and only about 0.9%
FEformate was obtained. This result suggests that Bi rather than MoOx is the catalyst for the
formation of formate.
Tafel plots were constructed using the FEformate data obtained at various potentials (Figure
7). The formal potential of -0.09 V vs. RHE for the CO2/HCOO- couple[34] in a CO2 saturated
0.5 M NaHCO3 solution (pH 7.2) was used for the estimation of overpotential values used in
the construction of Tafel plots. A Tafel slope of 131 mV dec-1 for formate was obtained for Bi
18

nanodendrites, which suggest that the formation of CO2•- is the rate determining step.[35] By
contrast, a significantly smaller Tafel slope of 78 mV dec-1 for formate was obtained for BiPMo nanosheets in the potential range where the process is kinetically controlled, which is
close to the theoretical value of 59 mV dec-1 when the protonation of CO2•- is the rate
determining step.[35] Li and coworkers have reported that Bi(001) plane and low-index crystal
planes are very active for CO2 reduction which was supported by the DFT calculation.[5f]
Sargent and coworkers also reported that Bi(110) plane is very active for CO2 reduction.[5e]
However, the DFT calculation carried out by Min and coworkers showed that high index planes
of Bi such as (012), (110) and (104), are responsible for the high CO2 reduction activity to form
formate by efficiently stabilizing the *OCOH intermediate.[5d] Moreover, Lee and coworkers
showed that large number of edge or corner sites of Bi nanoflakes facilitate strong local electric
fields, leading to close to 100% faradaic efficiency for formate, which was confirmed by
numerical simulation.[5b] Bao and coauthors have also demonstrated that it is much easier for
CO2 to adsorb and the key reaction intermediate COOH* to form on edge and corner sites than
on terrace sites of Pd NPs.[36] Therefore, based on the literature, it is reasonable to deduce that
the high activity of Bi-PMo nanosheets are due to the high number of edge and corners sites
arising from their 2D structure. The presence of MoOx could also provide stronger binding sites
for CO2 and the reaction intermediate in a similar way as PMo.[19] Though the presence of
MoOx may enhance the initial one electron reduction of CO2 on Bi-PMo nanosheets to become
a fast step, it may also contribute to the hydrogen evolution in the potential region studied.
Compared to other studies using Bi-based catalysts,[5] the formate selectivity obtained in this
work is among the highest reported, with an average value of 93 ± 2%.
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Figure 7. Tafel plots obtained on Bi-PMo nanosheets (▪) and Bi nanodendrites (▪).

Conclusion
In this study, polyoxometalate was used to assist electrodeposition of porous ultrathin
Bi-PMo nanosheets (~ 4 nm thick) under hydrogen evolution conditions. These Bi-PMo
nanosheets catalyze CO2 reduction in a CO2-saturated 0.5 M NaHCO3 solution to formate with
a faradaic efficiency of 93 ± 2% at −0.86 V vs. RHE with a formate partial current density as
high as 30 mA cm−2. The Tafel slope of about 78 mV dec-1 suggests that the initial one electron
reduction to form the adsorbed CO2•- is a fast step, followed by a rate limiting chemical reaction
step. Under the same conditions, Bi nanodendrites showed a much lower faradaic efficiency of
57% for formate with a lower formate partial current density of 5.7 mA cm-2. A Tafel slope of
131 mV dec-1 was obtained on Bi nanodendrites, indicating a different reaction mechanism
applied. The much higher catalytic activity and selectivity at lower overpotentials obtained on
Bi-PMo nanosheets over Bi nanodendrites are attributed to the large surface area of Bi-PMo
nanosheets, the high amount of catalytically more active edge and corner sites arising from the
two dimensional morphology, the presence of MoOx oxides for binding of CO2 and its
reduction intermediates, and the porous 3D structure with readily accessible active sites.
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Experimental Section
Chemicals. Bismuth nitrate (Bi(NO3)3), phosphomolybdic acid (H3[PMo12O40], PMo, 99.9%,),
nitric acid (HNO3, 70%), sodium bicarbonate (NaHCO3) and sulfuric acid (H2SO4, 95 – 98%)
from Sigma-Aldrich, and CO2 (Food grade, Aligal, Air Liquide) were used as supplied.
Deionized water from a MilliQ-MilliRho purification system (resistivity 18 MΩꞏcm) was used
to prepare all aqueous solutions.
Electrochemistry. All electrochemical experiments were carried out at 22 ± 2 °C using a CHI
760E electrochemical workstation (CH Instruments, Austin, TX). A standard three-electrode
electrochemical cell with a glassy carbon (GC) or fluorine doped tin oxide (FTO) working
electrode, a Pt wire counter electrode and an Ag/AgCl (3 M NaCl) reference electrode was
used. Prior to voltammetric experiments or electrodeposition, the working electrode was
polished with 0.3 μm alumina slurry on a polishing cloth (Buehler, USA), rinsed with water,
sonicated in water thoroughly to remove alumina, rinsed with water again, and finally dried
under nitrogen gas. No pretreatment of the electrode substrate was required.
Electrochemical CO2 reduction. For electrochemical studies (except bulk electrolysis), the
solution was purged with nitrogen or carbon dioxide for at least 15 min before measurements,
and then the electrochemical cell was kept under a positive pressure of nitrogen or carbon
dioxide at all times.
Controlled potential bulk electrolysis was carried out in an airtight H-cell with two
compartments separated by a frit. The aqueous 0.5 M NaHCO3 solution was purged with CO2
for 30 min and then sealed properly. A piece of 2 cm × 1 cm glassy carbon plate modified with
Bi-PMo nanosheets or Bi nanodendrites was used as the working electrode and a large Pt mesh
as the counter electrode, along with the same reference electrode as used in voltammetric
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studies. For the convenience of comparison of our results with other studies, the reversible
hydrogen electrode (RHE) reference scale is used for all the electrochemical CO2 reduction
studies, and Eq. 1 was used for the conversion of the potential.
E (vs. RHE) = E (vs. Ag/AgCl) + 0.220 V + 0.0585 V × pH

(Eq. 1)

The gas products generated by bulk electrolysis, i.e. carbon monoxide and hydrogen,
were analyzed by gas chromatographic technique on an Agilent 7820 gas chromatograph with
a HP-PLOT Molesieve/5Å column equipped with a thermal conductivity detector (TCD).
Helium gas of 99.99% purity was used as the carrier gas for CO detection, while nitrogen gas
(99.99%) was used as the carrier gas for H2 detection. The liquid products were analyzed by
1

H NMR on a Bruker DRX400 at a frequency of 400.2 MHz with added DMSO as the internal

standard.
Fabrication of modified electrodes. The electrodeposition of Bi nanosheets was carried out
in an aqueous 0.25 M HNO3 solution typically containing 1.0 mM Bi(NO3)3 and 2.0 mM PMo
where PMo is stable,[33a] by a two-step reduction to reduce Bi3+ to Bi0 and PMo to PMonsimultaneously. The solution was magnetically stirred at a rotation rate of 200 rpm during the
course of electrodeposition. Care should be taken to ensure that no oxygen is present in the cell
for successful deposition of nanosheets. In a typical two-step reduction, an initial potential of
-0.8 V vs. Ag/AgCl (3 M NaCl) was applied for 50 s to initiate the nucleation for the growth
of Bi nanosheets on the substrate, and the applied potential was then switched to ⁃1.5 V for 350
s, to obtain films with optimal catalytic activity and stability. The modified electrodes were
immediately rinsed thoroughly with water and dried in air before use. Substrates such as GCs,
FTO glasses and graphite rods have been used in this study, and no morphology or structure
difference was observed on different substrates.
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Bi nanodendrites were synthesized in a similar manner in the absence of PMo. PMo
modified glassy carbon electrodes/plates were fabricated by soaking the electrodes/plates in a
2 M H2SO4 solution containing 5 mM PMo to form a layer of adsorbed PMo, utilizing the
strong adsorption property of PMo on GC.[37]
The electroactive surface area (ESA) of a Bi nanomaterial modified electrode was
determined by measuring the double layer capacitance obtained at different scan rates (0.01 –
0.1 V s-1) in a N2 saturated 0.5 M NaHCO3 solution.
Characterization of Bi nanomaterials. Scanning electron microscopy (SEM) images and
energy-dispersive X-ray spectra (EDX) of the electrodeposited Bi-PMo nanosheets and Bi
nanodendrites modified FTO glass slides were obtained using a FEI Nova NanoSEM 450 FEG
SEM equipped with Bruker Quantax 400 X–ray analysis system. X-Ray Diffraction (XRD)
measurements were undertaken with a Bruker D8 ADVANCE X-ray powder diffractometer
(Cu Kα1 radiation) using a scan step of 0.02 degree per step and a residual time of 1 second
per step. The thickness of Bi-PMo nanosheets was characterized by atomic force microscopy
(AFM) in air with a Bruker Dimension Icon SPM equipped with a Pt/Ir coated silicon cantilever
as the conductive probe. Raman spectra were obtained using a Renishaw inVia Microscope
with a 532 nm laser source.
X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Nova
spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα source at
a power of 180 W (15 kV  12 mA) and a hemispherical analyser operating in the fixed analyser
transmission mode. The total pressure in the main vacuum chamber during analysis was
typically between 10-9 and 10-8 mbar. Survey spectra were acquired at a pass energy of 160 eV.
To obtain more detailed information about chemical structure, oxidation states etc., high
resolution spectra were recorded from individual peaks at 20 eV (yielding a typical peak width
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for polymers of 1.0 eV). Each specimen was analysed at an emission angle of 0° as measured
from the surface normal. Assuming typical values for the electron attenuation length of relevant
photoelectrons the XPS analysis depth (from which 95% of the detected signal originates)
ranges between 5 and 10 nm for a flat surface. Since the actual emission angle is ill-defined in
the case of rough surfaces (ranging from 0º to 90º) the sampling depth may range from 0 nm
to approx. 10 nm. Data processing was performed using CasaXPS processing software version
2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements present were identified from
survey spectra. The atomic concentrations of the detected elements were calculated using
integral peak intensities and the sensitivity factors supplied by the manufacturer. Binding
energies were referenced to the C 1s peak at 284.8 eV (aliphatic hydrocarbon) and 284.4 eV
(graphitic carbon). The accuracy associated with quantitative XPS is ca. 10% - 15%. Precision
(ie. reproducibility) depends on the signal/noise ratio but is usually much better than 5%. The
latter is relevant when comparing similar samples.
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acid leads to the formation of a three dimensional electrode consisting of interconnected
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