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Abstract

The electrochemical reduction of carbon dioxide (ERC) from flue gas is a promising solution
to mitigate CO> emissions and importantly has the ability for direct industrial application.
However, components such as N2, Oz, SOx, NOx, and H20 in flue gas can hinder ERC efficiency,
affecting catalyst stability and selectivity. This study systematically investigates the effect of
these flue gas components on a metallic Bi dendrite catalyst. The catalyst shows remarkable
stability (over 6 days are observed with constant current generation) surpassing other
monometallic Bi catalysts. The active state of the catalyst has been demonstrated with operando
XANES analysis which has confirmed the metallic state of bismuth and notably, the catalyst
performance remains unaffected despite presence of other flue gas components such as N2, O,
SOy, and NOx. This research aims to fill a critical gap, demonstrating how flue gas components

influence ERC activity and paves a way for future advancements in catalyst optimization.
1. Introduction

It is well known that reliance on fossil fuels has led to significant environmental challenges,
including global warming. Among all the greenhouse gases, carbon dioxide (CO.) has not only

been the main largest component but also has been a primary contributor to most of the adverse
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effects. For the past several decades, the scientific community has been focusing on various
ways to capture, store, and convert COz. Of all the routes available, electrochemical CO.
reduction (ECR) is an easier way that aims to use renewable energy resources to provide
simultaneous benefits of capturing and converting CO. into useful products such as
hydrocarbons, alcohols, aldehydes, and acids.[** This route, in principle, allows ease of CO;
utilization as, ideally, there is no need for compression, desorption, transportation of the gas
and in principle there is direct value creation from the captured CO>. As such, there has been
an almost exponential rise in publications associated with ECR over the last few decades,
however, despite these publications amounting to over 2500 as of 2023, the practical
applicability of catalysts has not met industrial requirements (Figure S1). This is predominantly
because more than 95% of the studies that are published annually use solely 100% CO: as the
reagent. This does not represent real-world scenarios as ultimately, CO> from the environment
needs to be used, where its concentration is 0.04%. Hence, an additional, consequential step is
inserted which involves purification. In order to circumvent this financially costly step, it is,
imperative to perform studies using industrially relevant feedstock. The use of gas compositions
that mimic flue gas are viable candidates. Flue gas conventionally has a concentration of CO>
at ca. 20%, and this has the potential to enhance the possibility of capturing and converting CO>
effectively. However, flue gas comprises several other components such as N2 (50-80 %), O-
(2-15 %), SOx (0.01-0.04 %), NOx (0.01-0.04 %), and water vapors (5-20 %),[ which can pose
several challenges during the ECR process. For instance, well-known ECR catalysts such as
Ag-based catalysts, 61 Cu-based catalysts [V and Bi-based systems!® ®I have also been found as
active catalysts for N> Reduction Reaction (NRR). N2 is the major component in flue gas, so
selectivity towards ECR can become a mitigating issue when using flue gas. Yang et al. in 2023
studied the activity of oxide-derived Bi catalyst using flue gas and found that catalyst efficiency
towards ERC was reduced by competitive NRR.[% In addition, another component, Oz, has a
thermodynamically favorable reduction potentials (E° O/ H.O = 1.23 V, E° O2/ H,02 = 0.70
V and E° O,/ OH=0.40 V vs. SHE) relative to CO (E° CO,/ HCOO™ =-0.31 V vs. SHE), and
N2 (E° N2/ NH4") = 0.27 V vs. SHE. This aspect, unfortunately, therefore, makes O; relatively
more prone to reduction.l!*31 |t has also been stated that O, and N2 2p orbitals can undergo
back bonding with certain catalysts and this in turn can lead to their facile adsorption and
subsequently can reduce the number of active sites.[** Furthermore, SOx and NOy are the minor
but corrosive impurities present in flue gas that can undergo hydrolysis in water and can

produce acids, which can lead to catalyst instability.*>] Hence, to address all these impediments,
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a systematic study to identify the key flue gas component that can affect ERC activity is

required.

For ECR, various electrodes such as Cu,[> 16-181 pp [19-21] pq [22. 23] o [24.25] | [26, 27] Bij [28, 29]
and Sn %3 have been explored. Bi has emerged as a compelling candidate owing to its cost-
effectiveness, non-toxicity, and high selectivity towards CO> reduction to formate.[? 2% 32
There are various forms of bismuth that have been explored other than metallic bismuth such
as bismuth MOFs[®3 34 and various derivatives including bismuth oxides and sulfides.[> 3!
However, these catalysts can face issues as these compounds are easily polarisable. As such,
electrochemical response at varying potentials can lead to both structural and chemical
unstability. In a report by Cao et al.,, Bi-MOF underwent a transformation to ultrathin
bismuthenes just by electrochemical treatment at low potentials.l*”! Lamagni et al. reported a
Bi-based MOF that was structurally distorted at reducing potentials during ECR.E Yao et al.
found that HCO3" electrolyte cleaved the Bi-O bond entirely in a bismuth carboxylate MOF. 81
Zhu et al. had to explore coating methods to address the instability that occurred due to the

polarisable nature of oxide and sulfide interfaces.[*°!

To overcome the challenges discussed above, metallic bismuth has been chosen as the catalyst
due to its expected intrinsic stability. This makes it a particularly strong candidate for
applications involving flue gas, where catalysts must withstand extremely harsh conditions over
extended periods. The selection of bismuth is based on the assumption that its metallic form

will offer greater robustness and longevity compared to other potential materials.

Historically, bismuth catalysts have been tested only in 100% CO., and to the best of our
knowledge, no comprehensive studies on the effects of individual flue gas components or the
long-term durability of these catalysts in flue gas environments is available. This study aims to
address this lacuna and as such the work here details the individual effect of each flue gas
component involving N2, Oz, SOx, and NOx on metallic Bi catalyst, along with all the
components in unison. The catalyst has been electrochemically deposited using a unique
dynamic hydrogen bubble template method (DHBT). In this method, simultaneous in situ
generation of hydrogen bubbles (via water reduction) occurs and these act as templates and
ensure the concurrent deposition of high surface area Bi, which interestingly has a preferential
ordering of high index planes relative to the (003) plane. The entire deposition process occurs
rapidly in a few seconds. Moreover, operando XANES has been employed to confirm the zero
valent nature of Bi during the ECR process and also the effect of flue gas components such as

N2, Oz, SOy and NOx individually on the ECR activity of the catalyst has been shown.
3
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Importantly, the long-term stability of the catalyst (> 30 hours) in the presence of simulated

flue gas has been detailed.
2. Results and Discussions
2.1. Structural Characterization of Bismuth Catalyst

Bi was electrochemically deposited on a substrate using an electrolyte consisting of bismuth
nitrate dissolved in nitric acid and by applying a constant current density. Initially, three
different catalysts were deposited: (a) For Bi(A) sample, Cu foil was the working electrode on
which 3 A/cm? was provided for 5 sec., (b) Bi(B) sample, Cu foil was the working electrode on
which 3 A/cm? was provided for 10 sec., and (c) Bi(C) sample where Pt foil was the working
electrode on which 3 A/lcm? was provided for 5 sec. The schematic for deposition is shown in
Figure S2. Upon evaluation of these three samples, it was observed all three have dendritic
morphology, however, it was found that Bi(A) had the thinner dendrites as compared to Bi(B)
and Bi(C). Full electrochemical evaluation of these materials was done using 100% CO_ and to
be succinct, it was found that Bi(A) had better electrochemical behavior for ERC at both higher
voltage of -0.95 V and low voltage of -0.65 V as compared to Bi(B) and Bi(C). It needs to be
noted that despite the morphology of the three samples of Bi being very similar there was an
important distinction — in that the crystallographic orientation and the planes that are exposed
are different. It has been previously shown, through DFT studies, that the relative ratio of (012)
plane with respect to (003) plane can significantly help in stabilizing *OCOH — an intermediate
that favours the formation of formate.*® This ratio, for our samples has been measured using
XRD data, and the values are compiled in Section B, Table S-B2. From this, it is found that
Bi(A) and Bi(C) have 1.5 times higher ratio as compared to Bi(B), however in case of Bi(C)
another factor participates i.e. the substrate is platinum, even though suppression of the HER
occurs with dendritic Bi, the amount of H> produced at Pt become very pronounced which is
not desirable since CO2RR is the target reaction. Hence, the activity of Bi(A) was found to be
higher as compared to Bi(B) and Bi(C). The details of all the measurements have been provided
in Sections A and B of Supplementary Information. Considering this aspect, all the subsequent
studies to evaluate the activity in the presence of flue gas components have been solely done
on Bi(A).
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Figure 1. (a-c) SEM images of the top view (d-f) EDX mapping of the cross-section of Bi(A)

Figure 1 (a-c) shows SEM images of Bi(A) which suggests that the sample consists of dendritic
morphology (width of ca. 100 nm) that is distributed evenly and there is minimal exposure of
underlying Cu substrate. The morphology and positioning of dendrites is such there are spaces
present which can easily allow the electrolyte to permeate and access the active sites. Cross-
sectional EDX imaging shows that a 7 um layer of Bi is present, which is further confirmed by
EDX mapping, Figure 1 (d-f). EDX analysis of the catalyst shows the presence of Bi and Cu
and EDX mapping of the top view further confirms that Bi is distributed evenly, Figure S3.
Figure 2 shows X-ray diffraction (XRD) and TEM images of the catalyst and solely Bi is found
to be present. Underlying Cu substrate can also be detected via XRD. Notably, the specific
DHBT method detailed for Bi deposition has enabled the synthesis of a sample with
significantly enhanced intensity of high-index planes such as (012), (110), and (104) relative to
the (003) plane. Based on work detailed by Koh and co-workers, this orientation is expected to
provide sustainable performance of the catalyst.[*”! The selected area electron diffraction
(SAED) image confirmed the crystallinity and phase purity of the Bi dendrites and the electron

diffraction data is in agreement with the XRD data.
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Figure 2 (a) XRD pattern of Bi(A) (b) TEM image of a large number of dendrites of Bi(A) and (c)

their SAED image.

2.2. Electrochemical evaluation of Bi(A) in the presence of pure CO2

Firstly, the performance of Bi(A) was measured in the presence of 100% CO- to obtain baseline

values for the activity of the catalyst towards ERC. Linear Sweep Voltammetry data (LSV) for

Bi(A) is shown in Figure 3a and compared with pure Cu substrate. There is a feature at 881

mV which is observed in the case of Bi(A) and it corresponds to the reduction of bismuth, see

section 2.3 for further confirmation below. Figure 3b shows chronoamperometry plots for

Bi(A) and Cu at three different voltages. It can be seen that Bi(A) shows impressive stability

with constant current at even high voltage of -1.5 V. Both LSV and chronoamperometry
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measurements suggest higher reduction current values in the case of Cu as compared to Bi(A).
Impedance measurements for Bi(A) are shown in Figure 3c. The curve in the high-frequency
region represents the charge transfer process during ECR, and the sloping line at low
frequencies represents the reactant diffusion process during ECR.[Yl The charge transfer
resistance value obtained from the modelled equivalent circuit is found to be lower than the

reported bismuth dendrites where the values have ranged from 19-25 Q.[*43 This is believed

to be a direct consequence of the facile manner in which DHBT deposition technique allows
for a well formed electrical contact between the catalyst and the underlying electrode. From the
double layer capacitance value obtained, the electrochemical surface area (ECSA) for Bi(A)
was found to be 61 cm? (value of specific capacitance of bismuth used was 28 puF/cm?).[4]

Following the chronoamperometry experiments, reduction products were analyzed by NMR
and Gas Chromatography. For comparison, the data has been shown for bare Cu substrate, in
Figure 3d. In the case of Bi(A), formate and methane are observed as CO> reduction products,
and H: is obtained as a result of water reduction. However, in the case of Cu, formate and CO
are observed as the CO> reduction products. The production of all the products increases with
an increase in voltage, Figure 3e. It is important to note that CO was not detected in the
experiments with Bi (as compared to data from the sole use of Cu as the substrate). This is
advantageous as CO is considered to not be a highly desirable product since it requires
additional costs for processing into other chemicals using the Fischer Tropsch synthetic
pathway.**! Moreover for Bi(A), methane production is also observed which in not seen in the
case of Cu, under similar conditions. It needs to be noted methane formation is an 8 electron
process and no other carbon based products were observed other than methane and formate. At
each voltage, Bi(A) produced more formate and less hydrogen when compared to the Cu
substrate which suggests that the catalyst is more active towards ECR. In the case of Cu, at all
the voltages < 20% faradaic efficiency value for formate was obtained, whereas in the case of
Bi(A), it reaches ca. 70 % faradaic efficiency at -0.65 V, Figure 3f. From this data, it can be
inferred that copper is a less selective catalyst for formate production from ECR. The higher
current values obtained in the case of Cu during electrochemical measurements can therefore

be ascribed to predominantly HER and not due to formate production.
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Figure 3 (a) Linear Sweep Voltammetry plot for Bi(A) and Cu foil at a scan rate of 20 mVs™! (b)
Constant potential electrolysis at -0.5 V, -1.0 V, and -1.5 V for Bi(A) and Cu. (¢) Impedance
measurements for the Bi(A) at -0.75 V vs RHE. Production of various reduction products in cases of
the (d) Cu and (e) Bi(A) respectively at different voltages. Faradaic Efficiency values of various
reduction products in the case of the (f) Bi(A) and Cu (g) Chronoamperometry data at -1 V vs RHE for
Bi(A) done for a prolonged period of 6 days. Counter Electrode - Platinum, Reference Electrode — Ag
/ AgCl (sat. KCI) and Electrolyte: 1 M KHCO3

In order to ensure that use of a metallic catalyst was stable, chronoamperometry measurements
were carried over a continuous exposure to CO; at -1 V for 6 days Figure 3g. It is important to
note that there was negligible variation in the current and the current loss after 6 days was less
than 7%.

2.3 Operando evaluation of Bi(A) during ERC

Before proceeding to flue gas studies, it is important to understand the nature of the catalyst
formed. Moreover, considering the high stability of Bi(A) based on chronoamperometry
studies, an evaluation of the exact chemical nature of Bi was undertaken using operando X-ray
Absorption Near Edge Structure spectroscopy. XANES is most commonly used to study the
oxidation state and coordination geometry and Bi Ls-edge XANES is a very useful probe to
understand the state of Bi in the catalyst under redox conditions. The setup used for XANES is
shown in Figure S4 and details of the experiment are given in the experimental section below.
The XANES spectra of the catalyst at Bi Ls-edge was recorded without any bias and under
operando conditions when -0.75 V was applied. The edge positions obtained were compared
with the edge positions obtained in ex-situ conditions for three different references of Bi-based
compounds having different oxidation states of Bi. XANES results show that when -0.75 V is
applied to the catalyst, it is found that Bi is reduced to a 0 valent state, Figure 4a which is
suggested by the considerable 4.5 eV and 6.5 eV shift in the binding energy of the absorption
edge relative to Bi** and Bi®* reference respectively. However, before the application of the
voltage, its edge position value lies in between the values obtained for Bi® and Bi®* case. To
confirm this even further, the experimentally obtained data was compared with a computed
edge position (obtained after a linear combination of the edge position of Bi° and Bi®*"). The
similarities suggests that the catalyst was initially partially oxidized, Figure 4b. In literature,

efforts have been made to discern the actual catalytic site in the case of bismuth-based catalysts
9
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during ERC through in-situ and operando measurements.[*6%€ However, there are no reports
available for solely Bi catalysts to know the actual catalytic state during reduction through
operando XANES. Hence, for the first time, it can be unequivocally shown that Bi does form
an oxide phase, as before the application of voltage, the catalyst is partially oxidized, however,
during catalysis, Bi is present in the metallic state. Since metals are known to have high intrinsic
stability hence, this is purported to be the reason that the Bi(A) catalyst shows extraordinary
stability of upwards of 6 days.

It needs to be highlighted that for most of the previously reported monometallic Bi catalysts,
the stability during ERC has only been shown upto 30 hours, data shown in Figure S5a, but
this study has been able to show the persistence of stable current density value for up to 6 days,
and moreover the comparison of faradaic efficiency of this catalyst compared to the host of
other Bi based systems is shown in Figure S5. It can be seen that the sustainable performance
of catalyst Bi(A) is substantially higher (even at a high voltage of - 0.95V) as compared to other
reported systems. From this promising data, Bi(A) was therefore exposed for further evaluation.
Following are details of the measurements done on Bi(A) using initially individual components

of flue gas and then in presence of simulated flue gas.

a) —075V Bis* b) ,,[—-0sv
’ No bias
BiFeO,
m 1.0+ m 1.09. - Linear combination
= = (Bi%and Bi %)
=] - 038
[<] [<}]
2 o
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Figure 4 (a) Bi Ls-edge XANES spectra of reference compounds Bi.Os, BiFeOs, NaBiFeOswith Bi

oxidation states of +3, +3 and +5 respectively done under ex-situ conditions and Bi(A) at -0.75 V vs

RHE done under operando conditions in fluorescence mode (b) Bi Ls-edge XANES spectra of Bi(A)

without bias (orange solid plot) which matches with the spectra obtained by a linear combination of
Bi® and Bi** (orange dotted plot).
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2.4. Electrocatalysis of Bi(A) in the presence of flue gas components - N2and O2

To investigate the interference of N2 and Oz, CO; was diluted to 50% with these gases
individually, and constant potential electrolysis was done at 3 voltages (-0.75, -0.85 and -0.95V)
and the reduction products were analyzed, Figure S6 and S7. It was found that whether the
reagent gas was diluted with either N2 or O, in both cases formate, hydrogen and methane were
forming. However in case O as the diluting gas, other than methane and formate, a trace amount
of CO was also obtained as an additional reduction product. Moreover, there were no adverse
effects on the current density observed with addition of either N2 or O, and production of the
products was always consistently higher at higher voltages.

All the products measured and their selectivity are shown in Figure 5. It can be observed that
similar trend of formate FE was observed at all voltages regardless of the presence of N2 or Oo.
There was however a marginal reduction in formate selectivity at higher voltages c.a. -0.95 V
relative to the baseline results obtained in the case of pure CO>. This can solely be ascribed to
the dilution effect and not due to interference of N2 or O on the active site. To understand this
aspect further, CO. was sequentially diluted with N> and O in different percentages - 75%,
50% and 25%, Figure 5 (d-g). It is observed that, with a linear decrease in the percentage of
COo, despite either N2 or O2 being present, a linear trend in the reduction of formate production
was observed (Slope - 0.93 and 0.97 respectively), which suggested that the active sites on
Bi(A) were not being occupied by either N> or O and as such presence of these additional
additives did not affect selectivity towards CO. Detailed quantification of all products obtained

is shown in Figure S8.

11
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Figure 5. Faradaic Efficiency plot for various reduction products obtained for Bi(A) when CO,
electrolysis is done at different voltages (a) with pure 100% CO;, (b) with 50% CO; diluted with
nitrogen (c) with 50% CO- diluted with oxygen. Production of formate with different percentages of
CO2 - 75%, 50%, 25% when diluted with (d) nitrogen and (e) linear fit of normalized production
values obtained from corresponding CO; fraction (%). Production of formate with different
percentages of CO; - 75%, 50%, 25% when diluted with (f) oxygen and (g) linear fit of normalized
production values obtained from corresponding CO; fraction (%)

2.5. Effect of activity of Bi(A) in the presence of all flue gas components

In order to understand the effect of SOx and NOx, the activity of the catalyst was now
comprehensively checked in the presence of fully simulated flue gas which included 15 % COx,
0.020 % SOx, 0.015 % NOy, and balance N, During flue gas measurements, only NMR studies
were performed to evaluate product formation (Gas Chromatography measurements could not
be performed due to the corrosive nature of flue gas). The activity obtained was now compared
with the activity obtained in the presence of a control experiment which included the reagent
gas bearing a composition of 15% CO> and 85% N». From the LSV and chronoamperometry
plot, Figure 6, it can be inferred that the onset potential to reach 1 mA/cm? current density, was
615 mV for control gas while for flue gas it was 588 mV. Moreover, there was insignificant
alteration in current density during a chronoamperometry experiment, Figure 6b, observed in
both cases, which suggested that SOx and NOx were not affecting the activity of the catalyst.
These plots suggested similar kinetics for the ECR in both cases. It needs to be noted that
reduction peak observed in LSV at ca. 881 mV (which has been ascribed to the reduction of
Bi** based on XANES) was more pronounced when flue gas was used. This can be rationalized
by the aspect that, before intiating any electrochemical experiment, the electrolyte is purged
with the reagent gas for ca. 30 minutes. As flue gas was used, the additional oxidation of the
catalyst can be ascribed due to the presence of SOx and NOx.[*®! However, as has already been
shown, this oxidized catalyst is not the active state and the catalyst forms a 0 valent state when
sufficient potential is applied. Interestingly, there is not much change in the production and
selectivity of formate as observed in Figure 6 (c,d) and in fact there is an augmentation in the
presence of flue gas when compared to the control reagent gas. This suggests the activity of the
catalyst is retained even in the presence of SOx and NOx and the reactive catalytic sites appear

to be fully accessible. Further, long-term stability was checked for Bi(A) for upwards of 30
13
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hours and there was no decay in the presence of flue gas, Figure 6e. The characterization of the
Bi(A) catalyst (after 30 hours of electrochemical study) was done by SEM and EDX. Figure
S9 shows that there is no considerable effect on the morphology and the EDX showed solely
elements corresponding to either electrolyte or Bi. There was an absence of any other elements
corresponding to flue gas (sulphur or nitrogen) which suggests that there is no chemisorption
of these occurring on the surface of Bi. It also needs to be noted that there were no measurable
pH changes observed of the electrolyte during these prolonged experiments. This observation
implies that a possible competing NRR reaction is not occurring where ideally NHz should be
a product. In order to put this work in perspective with other similar literature reports, Table 1
details a comparison between our work and two other reports that have also used Bi-based
catalysts for evaluation of CO2RR using some selected components of flue gas. It can be
observed that the work presented here has been done with all components and more importantly
Bi(A) shows better stability in presence of all the components of flue gas for a more prolonged

period.

In summary, Bi(A) does not show any deleterious effects of using a reagent gas consisting of
15 % COo, 0.020 % SOy, 0.015 % NOy, and balance being N2. There appear to be negligible
effects of the additives to ECR behavior of the Bi dendrites and the catalyst continues to be
stable despite presence of the reactive gases. The findings suggest that Bi's performance remains
largely unaffected by these impurities, demonstrating its potential for practical applications in

CO- conversion technologies.
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Figure 6 (a) Linear Sweep Voltammetry curves for Bi(A) at a scan rate of 20 mVs™ when the
potential is swept from -0.2 V to -0.95 V vs RHE (b) Chronoamperometry plot at -0.95 V vs RHE (c)
Formate Production and (d) Faradaic Efficiency plots at -0.95 V for Bi(A) in the presence of flue gas

and in presence of 15% CO; balanced with nitrogen, (€) Long term stability (chronoamperometry

experiment) for the Bi(A) in the presence of flue gas at -1 V.
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Table 1. Comparison of stability obtained in this work in the presence of flue gas components with

reported single metal-based bismuth catalyst.

Stability

Material Components (hrs) Reference
. SOx, NOx (<1 %)
BI2Os balance N 20 [49]
15% CO, trace amount of O and
Oxide derived-Bi SO, balance N2 12 [10]
0, 0,
Bi(A) 15% CO2, SO, (0.02 %), NOx 30 This work

(0.015 %), balance N2

3. Conclusions

This study highlights the performance of Bi dendrite based catalyst in the presence of various
flue gas components. The baseline values for the activity of the catalyst in 100% CO. showed
a selectivity of ca. 70 % for formation of formate at a low potential of -0.65 V, and further, the
catalyst was able to survive under a relatively harsh potential value of -1 V for 6 days. Formate,
an ECR product of bismuth under aqueous conditions, has its advantages as it has been
demonstrated to have high energy storage value, a precursor for producing chemicals, hydrogen
storage material, and is a promising feedstock for fuel cell applications.?®!

Further, operando XANES have been used to probe the actual catalytic state of Bi, suggesting
that metallic Bi is responsible for the reduction. The key findings under flue gas conditions
suggested that the Bi catalyst remains selective towards CO> gas despite the presence of other
competitive flue gas components such as N2, Oz, SOx, and NOx. Further, this study has shown
upwards of 30 hours of stability in the presence of flue gas. This study shows the impact of each
flue gas components on the activity of bismuth catalyst and provides a roadmap to apply to

other catalysts to study the impact of flue gas components.
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4. Experimental Section

4.1. Preparation of Bi electrode

Before deposition on the Cu substrate, the foil was pre-treated with IM HNOj for 5 sec followed
by polishing to remove the oxide layer on its surface. The platinum mesh was sonicated for half
an hour in 1 M HNOj solution. Bi dendrites were electrochemically deposited onto the pre-
cleaned substrates, with the deposition solution prepared as follows. 4.18 g of Bi(NO3)z was
dissolved in 1.5 mM, 100 ml nitric acid solution. For deposition, 15 ml of this solution served
as the electrolyte in a two-electrode setup, with Cu (1 cm?) substrate served as the cathode and
a platinum mesh as the anode. A current density of 3 A / cm? was passed for 5 sec to deposit on
the Cu and the electrode was named as Bi(A), and when deposition time was increased to 10
sec keeping other parametrs constant, it was named as Bi(B). When deposition was done by
applying 3 A /cm? for 5 sec on Pt substrate , then the electrode was named as Bi(C). After

deposition the as-synthesized catalysts were washed gently with distilled water 4-5 times.

4.2. Characterization

4.2.1. Powder X-ray diffraction (XRD)
XRD data acquisition was done under ambient conditions using a Rigaku smart lab X-ray
diffractometer with power 9 kW using monochromatic Cu Ka (A = 0.1547 nm) radiation. The

data was acquired for a half-hour in 20 range of 5" to 80".

4.2.2. SEM, TEM and EDX
Measurements were done on Zeiss FESEM Ultra Plus. TEM measurements were done using
the Technai T20 TEM.

4.3. Electrochemical measurements

For electrochemical measurements, a three-electrode setup was employed containing working,
reference, and counter electrodes. A platinum foil was used as a counter electrode and Ag /
AgCl (sat. KCI) was used as the reference electrode. For all the studies, 1 M KHCO3 was used

as an electrolyte. All electrochemical experiments have been done under ice bath conditions
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except for long-term stability experiments which are done at room temperature. Before the
application of voltage, the electrolyte was saturated with the CO» gas (diluted or 100% CO)
and during the experiment, the purging of the gas was continued. The outlet of the
electrochemical cell was connected to a container, where all the gaseous products along with

CO; were collected.
4.3.1 Operando XANES measurements

The XAS measurements have been carried out at the Energy-Scanning EXAFS beamline (BL-
9) at the Indus-2 Synchrotron Source (2.5 GeV, 100 mA) at Raja Ramanna Centre for Advanced
Technology (RRCAT), Indore, India. Electrochemical parameters were the same as before
except the deposition of Bi was done on carbon paper which acted as the working electrode. A
special electrochemical cell was used for these measurements in which there is a window where
this catalyst is pasted with the help of Kapton tape which is conducting and also transparent to
X-rays and also does not allow the electrolyte to come out from the cell.®™ The reason for this
special cell is that the X-rays can incident on the catalyst from one side and on the other side it
faces the electrolyte. The porous nature of carbon paper allows the electrolyte to access most
of the bismuth. Hence, the XANES can be acquired simultaneously while electrocatalysis is

undergoing on it.
4.4. Analysis of products
4.4.1. Liquid product analysis

After electrolysis for 10 min, *H NMR (Bruker 800 MHz spectrometer) was acquired for the
aliquot made from 540 pL of reaction mixture mixed with 60 pL of trimethylsilyl propanoic
acid in D2O (TSP, 1 mM) which is taken as a reference. Water suppression was performed to

suppress the excess amount of water in the electrolyte.

4.4.2. Gaseous product analysis

Gaseous products were analyzed by micro-GC. After the reaction of 10 min, the gaseous sample
was injected into GC, which was collected in the container and also another sample was injected
from the headspace of the electrochemical cell which still contains the reaction products. The

addition of moles produced in both containers for a particular gas represents the total production
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for that gas. Traces products like methane and CO were analyzed by directly injecting few
microlitres of the gaseous sample from the the continuously flowing stream containing CO2 and
these products.
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Supporting Information is available from the Wiley Online Library or from the author.
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