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Highly selective and active electrocatalysts are essential for industrial application of the electrochemical
conversion of CO, into valuable products. The electrochemical cell configuration and the optimisation of
its parameters are also of paramount importance to promote the conversion of CO, and enhance the selecti-
vity and stability of the electrocatalyst. Furthermore, the cell needs to be designed to enable the continuous
conversion of CO, in a flow cell configuration with optimal use of energy resources, to obtain a sustainable
CO,-to-formate conversion process. In this work, we present an in-depth, systematic investigation of the
crucial parameters for the optimum operation of a flow cell for the conversion of CO, with a highly scalable
)

Bi-based electrocatalyst at industrially-relevant current densities (j = 100 mA cm™), achieving high Faradaic

Received 24th November 2022,
Accepted 27th January 2023

DOI: 10.1039/d29c04482j

efficiency (FEtormate > 70%) for a prolonged application time (t = 65 h). By studying and tuning the electrolyte
and CO, feed flow, the membrane configuration, the pH of the electrolyte and the effect of possible contami-
nants in the CO, source, we were able to gain important insights into the large-scale application of the Bi-
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Introduction

The electrochemical reduction of CO, is an enticing techno-
logy to address anthropogenic-driven climate change as it
allows the utilisation of renewable energy sources to enable
the conversion of this greenhouse gas through reactions that
would otherwise be limited by unfavourable thermodynamics
(AG° > 0)." Among the CO, electrochemical reduction pro-
ducts (CO, C,H4, HCOO™, etc.), formic acid is a valuable build-
ing block due to its existing or potential industrial applications
in textile manufacturing, as an antibacterial agent, in fuel cells
and as an additive in cement production.>* In basic aqueous
media, the electrochemical reduction of CO, to formate at the
cathode of an electrochemical cell is described by eqn (1), and
is coupled with the oxygen evolution reaction (OER) at the
anode (eqn (2)).

CO, +2e~ + H,0 — HCO,  +OH™ (1)
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based electrocatalyst for the electrochemical reduction of CO, into formate.

1
20H — 2e” + Hzo + 502 (2)

Among the electrocatalysts that have been studied for pro-
moting the electrochemical CO,-to-formate conversion (e.g
based on Bi, Sn, and In as active species),* Bi-based catalysts
are the most promising option with respect to Faradaic
efficiency (FE) and current density (), particularly in compari-
son with Sn-based ones, which show lower stability and activity
(Table S1f)." In order to achieve industrially-relevant pro-
duction rates and selectivity (j > 100 mA cm™?, FE¢ormate >
90%)," it is not only important to develop new electrocatalytic
materials seeking lower overpotentials () but also to
implement them in electrochemical cells with similar features
to large-scale, industrial electrolysers. More specifically, the
industrialisation of the sustainable electrochemical conversion
of CO, necessitates green advances in terms of the optimi-
sation of cell parameters related to the energy requirements,
recycling of the electrolyte and the stability of the electrocata-
lyst over long operation times. In this context, the use of a flow
cell based on gas diffusion electrodes (GDEs) is of paramount
importance to overcome CO, mass transport limitations.>®
Moreover, a variety of parameters can influence electrocatalyst
performance and greatly affect the ultimate performance of
the system. These include electrocatalyst loading, electrode
preparation methods, electrode and membrane configuration,
the presence of contaminants in the CO, feed, and the nature
of the electrolyte solutions and their pH.> The choice of a suit-
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able membrane separator between cathodic and anodic com-
partments is important to avoid diffusion of the produced
formate to the anode and its consequent re-oxidation. For
example, the diffusion of formate can be mitigated by the use
of a Nafion membrane separating the cell compartments, but
it cannot be entirely prevented,” and the extent of this issue
depends on the thickness of the Nafion membrane.®
Moreover, the pH of the electrolyte affects the CO,-to-formate
onset potential, shifting it to more positive potentials with
alkaline electrolytes (e.g. KOH), and this has been reported to
limit the competitive HER.>® In addition, the separation of
dilute formate solutions from the electrolyte and their concen-
tration and acidification are challenges to be faced when devel-
oping this process,'® in order to produce pure and concen-
trated formic acid solutions. Specific flow cell designs aimed
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at tackling these challenges have recently been proposed.®'' ™
Another crucial parameter to enable the large-scale application of
Bi electrocatalysts is their stability under operating conditions.
Although multi-hour stability tests (¢ > 10 h) are currently
included in most studies, only a few reports investigate the stabi-
lity of Bi electrocatalysts in prolonged tests (¢ > 50 h, Table S1}) at
industrially-relevant current densities. Additionally, insufficient
attention is dedicated to the nevertheless crucial optimisation of
the cell parameters, and to the understanding of how the cell
configuration affects the electrocatalyst efficiency, and most
importantly, the stability. In this work, we present a systematic
study of the cell parameters for prolonged application (¢ = 65 h)
of a highly scalable Bi-based electrocatalyst’ at industrially-
relevant current densities (j = 100 mA cm™>) on a GDE in a two-
compartment flow cell (Fig. 1a). While the investigation and
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Fig. 1 (a) Electrochemical flow cell system, equipped with a 10 cm? GDE coated with the BiSub@AC-400 electrocatalyst, 0.5 M KHCOj as the cath-
olyte and 0.5 M H,SO, as the anolyte. (b) i vs. E.; dependency for the electrochemical reduction of CO, in the flow cell setup (20 sccm CO,). (c)
E.o dependency on: (i) the electrolyte flow (blue) at constant 50 sccm CO, feed flow and (ii) the CO, feed flow (red) at constant 50 mL min~* elec-
trolyte flow in chronopotentiometric mode at i = 1 A (j = 100 mA cm™2). (d) Chronopotentiometry ati = 1 A (j = 100 mA cm™2), Faradaic efficiency
(FE) towards formate (green bars), E.¢ (blue dots) and E, .. (red dots). The “flow-by" configuration was held for 3 h and the “flow-through” configur-
ation was held for 5 h, opening or closing the gas outlet of the flow cell, respectively (Fig. S1b and c¥).
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improvement of the cell parameters are often neglected in flow
cell system studies, we demonstrate here that these are critical
factors to achieve the optimal utilisation of an electrocatalyst at
high current densities.

Results and discussion

We started our investigation and optimisation of the electro-
catalytic reduction of CO, to formate in a flow cell set-up
(Fig. 1a) by focusing on an evaluation of the general feasibility
of the system at industrially-relevant current densities. The
flow cell (FC) used in our study was equipped with an electro-
catalyst recently developed by our group and consisting of
highly dispersed, small Bi nanoparticles (average diameter:
5.5 nm) supported on activated carbon.’ The electrocatalyst
was deposited on the GDE via spray coating, with a loading of
0.5 mg cm™>, in line with the majority of the literature reports
for the electrochemical reduction of CO, to formate (0.5-1 mg
cm 2, Table S17).” The flow cell assembly was tested using 0.5
M KHCO; as catholyte, 0.5 M H,SO, as anolyte, and a Nafion
membrane as separator between the two half-cells. The choice
of such a flow-through set-up (Fig. 1a and S1b¥) is based on
the ease of the double compartment stacking, and the con-
sideration that this is a mature technology for water electroly-
sers, which would facilitate the transfer of know-how to CO,
electrochemical conversion. In order to assess whether this
system can sustain high cell current densities and thus be
industrially applicable, it was tested in chronopotentiometric
(CP) mode at increasing cell currents (), from 0.1 to 1.5 A. The
total cell potential (E.e) increased at a higher rate with respect
to the cathodic half-cell potential (Ey.), indicating that the
major contribution to E; is due to the anodic half-cell poten-
tial and, therefore, to the OER (eqn (2) and Fig. 1b). This
means that it is possible to use the proposed system at high
currents, provided that the anodic electrocatalyst is optimised
in order to decrease the E,,,q. and, therefore, the E..;. After
this proof of principle, we carried out a systematic and critical
assessment of the parameters expected to exert the most rele-
vant influence on the electrocatalyst performance (activity,
selectivity and stability): (i) the CO, feed (flow intensity, con-
figuration and contaminants), (ii) the electrolyte feed (flow
intensity, configuration, volume, pH and contaminants), and
(iii) the membrane performance (catholyte/anolyte diffusion).
In this context, it is important to take into account that the
cell parameters and their effects on the electrocatalyst per-
formance are often interlinked.

Optimisation of the flows of CO, and electrolyte

The behaviour of catalysts for the CO, electrochemical
reduction (CO,ER) is known to be greatly affected by the
diffusion of the reactants and products (i.e., CO,, OH™ and
HCO,") to and from the electrode.'® Therefore, we started our
study by screening the flows of CO, and electrolyte, with the
purpose of ensuring that the measured electrocatalytic activity
in the later experiments is not limited by the feed flows.

This journal is © The Royal Society of Chemistry 2023
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Furthermore, the combined effect of these two feed flows plays
a critical role in the wettability of the electrocatalyst surface
and its exposure to the multiphasic reaction medium.
Therefore, the optimisation of the flows determines the
exposure of the surface of the electrocatalyst deposited on the
GDE mesh to CO, and to the electrolyte, which in turn affects
the relative rates of the competing CO,ER and HER, and thus
the overall cell efficiency."” The effect of different CO, and
electrolyte feed flows was screened in CP (i =1 A, Ep .. = —3.0 £
0.1 V) and chronoamperometric (CA) (Ecej = —6.5 V, Ep c. = —2.9
+ 0.1 V) modes (Fig. 1c and S2,T respectively), revealing a
monotonic increase in i and decrease in E..; with the incre-
ment of the electrolyte flow up to 100 mL min~". On the other
hand, when screening the CO, feed flow of up to 100 sccm, the
highest i and lowest values of E..; were obtained in the range
of 20-50 sccm (Fig. 1c). Based on this result, we employed a
value of CO, flow within this range (50 sccm) in the rest of this
work, to prevent limitations in the CO, feed and to ensure the
lowest E.q (in CP mode). To give a measure of the importance
of optimising these flows, it is worth noting that without chan-
ging the nature of the electrocatalyst and by tuning the feed
flows, the E. can be decreased by 7-12% in CP mode (or
current i can be increased by 18-24% in CA mode) in the
tested flow ranges (electrolyte: 10-100 mL min~' range and
CO,: 0-100 scem range). In addition, the CO, flow can be fed
to the flow cell in two configurations: flow-by and flow-through
(Fig. 1d). The flow-through configuration showed the best per-
formance (Fig. 1d), in terms of both Faradaic efficiency
(FEformate = 90%, compared to FE¢ormate = 15% for the flow-by
configuration) and lowest cell potentials (—10% in E.; and
—23% in Ey). The higher efficiency of the flow-through con-
figuration compared to that of the flow-by one is in agreement
with previous reports and has been ascribed to the combined
optimisation of electrode wetting and local concentration of
CO, at the electrocatalyst surface.’>'® Given its better perform-
ance, the CO, flow-through configuration was selected for the
rest of the work. The fact that the flow-by and flow-through
configurations lead to different performances is also impor-
tant as an accessible probe of the mechanical integrity of the
GDE: if a drastic increase in Ej .. is observed during a flow-
through measurement, a mechanical failure of the GDE (i.e.,
cracks) is likely to have occurred.

Cell configuration and long-term stability

As the selected parameters of CO, and electrolyte flows ensure
that the electrocatalyst performance is not affected by
diffusion limitations, we proceeded with the investigation of
the role played by the electrolyte in combination with the cell
membrane on the selectivity of the electrocatalyst. The electro-
Iyte/membrane interplay controls the species that diffuse
between the two cell compartments and their rate of transfer.
If the transfer of the relevant species (OH™ for reactions in
alkaline medium) does not proceed optimally, the perform-
ance of the electrocatalyst can be negatively affected. For this
set of experiments, we used KHCO; as both the catholyte and
the anolyte, in combination with a Nafion cationic exchange
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membrane (CEM), as this is the most commonly used combi-
nation in literature studies of the CO,ER. Under these con-
ditions, our Bi-electrocatalyst displayed an excellent initial
Faradaic efficiency towards formate (FEgormate > 99%) at i = 0.5
A in CP mode (Fig. 2a).* However, when prolonging the test at
i =0.5 A over 5 h (Fig. 2a), the values of FE¢ymate and Ep,.c.
decreased, most likely due to the migration of K* ions from
the anolyte to the catholyte, which would increase the conduc-
tivity of the catholyte and decrease that of the anolyte. As a
result, the anodic half-cell potential and, therefore, the E..;
drastically increased, with a major detrimental effect on the
full cell efficiency. By restocking the electrolyte in both the
catholyte and anolyte compartments every 5 h, the initial,
optimum values of FE, E..; and Ej, .. were restored (Fig. 2a, see
values at 6 h and 11 h, i.e., just after restocking). This clearly
shows that the observed drop in cell performance during the
first 5 h of operation was not related to deactivation of the elec-
trocatalyst but rather to the change in the composition of the
electrolytes in the two compartments. It can be concluded
that, although the use of the Nafion membrane prevents the
diffusion of the formate product from the catholyte to the
anolyte, it poses severe limitations on the species that migrate,
allowing only the transfer of cations (K" in this case) to ensure
the charge balance within each compartment. This phenom-
enon was also recently reported by Kirner et al., but no solu-
tion to this issue was proposed.'* With the aim of solving the
K'-diffusion issue, the Nafion membrane was substituted with
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an anion-exchange membrane (AEM) from Fumatech. The use
of an AEM allows the diffusion of OH™ species but also of the
formate anion. As a consequence, the FEg,maee Observed after
1 h of chronopotentiometry (70%, see Fig. 2b) was lower than
the one previously reported with a Nafion membrane (Fig. 2a).
Furthermore, formate was detected also in the anolyte, with
the amount that diffused from the cathodic to the anodic com-
partment after 1 h of CP at i = 1 A corresponding to FE¢rmate =
5%. The ratio between the Faradaic efficiency calculated from
the formate quantified in the catholyte and anolyte (Fig. S37)
decreased from an initial value of 9.5 to 1.5 after 8 h and then
remained stable for the next 14 h. These results prove that
formate can diffuse through the AEM and then get oxidised at
the anode. Furthermore, the fact that formate was observed in
both compartments after prolonged testing indicates that the
rate of production of formate at the cathode is higher than
that of its diffusion through the membrane, which in turn is
higher than the rate of oxidation at the anode. Despite the
drawback of the undesired diffusion and oxidation of formate,
the cathodic potential (E},.) was more stable when using the
AEM in comparison with the previous set-up with the Nafion
membrane (Fig. 2a). In this test, the pH tended to stabilise at
8.2 + 0.1 (Fig. S31). It is worth noting that in the literature
reports of long-time stability tests of the electrochemical
reduction of CO, to formate with KOH electrolyte and AEMs
(e.g. Sustainion, Fumasep or Selemion, see Table S1f), the
issues of formate diffusion and oxidation were never
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Fig. 2 Chronopotentiometry with 0.5 M KHCOj3 catholyte at: (a) i = 0.5 A (j = 50 mA cm~2) with CEM and with 0.5 M KHCOj as the anolyte; (b) at i
=1A (j =100 mA cm™?) with AEM (Fumatech) and with 0.5 M KHCOj3 as the anolyte; (c) at i = 1 A (j = 100 mA cm™2) with CEM and with 0.5 M
H,SO, as the anolyte; and (d) ati = 1 A (j = 100 mA cm™2) with CEM and 0.5 M H,SO, as the anolyte and pH = 7.5, controlled with injections of 5 M
KOH every hour, increasing from 0.5 mL to 5 mL. Electrolyte flow at 35 mL min™. FE¢omate based on formate detected in the catholyte (green bars),
FEformate Pased on formate detected in the anolyte (red bars, only in b), pH (black dots), E.ey (blue dots) and E, .. (red dots).
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addressed.>®%'*192 Only in one case was it specifically noted
that the electrolyte was changed every 48 h.? Discussion of the
electrolyte volumes, electrolyte flows and recirculation is
important to assess whether an electrochemical flow cell set-
up can be scaled up to the industrial level. For example, a
large electrolyte volume, combined with a low electrolyte flow
and low CO, consumption, can in principle allow the use of a
CEM and pH > 7 without experiencing the above-mentioned
issue related to cation-diffusion, or an AEM without the issue
of major formate loss due to diffusion and oxidation. However,
such a combination of parameters is not meaningful for large-
scale application and should be discouraged. The cell con-
figuration was further investigated using a Nafion membrane
and 0.5 M H,SO, as the anolyte. The choice of the acidic
anolyte (pH = 0.3) leads to the local production of H' during
the OER at the anode and sustains their diffusion through the
membrane. The FE¢mate remained > 90% for the first 18 h of
chronopotentiometry at i = 1 A, and then gradually decreased
to FEformate = 21% at 65 h of operation (Fig. 2¢). The E..; and
En... remained constant during all the experiments at —6.4 +
0.2 Vand —-3.0 + 0.1 V, respectively (Fig. S47). The decrease in
Faradaic efficiency is attributed to the strong change recorded
in the pH of the catholyte (2H' form at the anode for each
OH™ formed at the cathode), which decreased from pH = 6.7
after 5 h to pH < 3.3 after 18 h. If on the one hand, the
diffusion of H' through the Nafion membrane towards the
catholyte can sustain the cell operation for a much longer time
with respect to the KHCO; anolyte system (Fig. 2a), it acted
detrimentally by facilitating the HER side-reaction and poss-
ibly dissolving the catalyst (Bi,0,CO; or Bi,O; surface layer?).
To overcome the drawbacks brought about by the decrease in
the pH of the catholyte, we decided to control the pHcamolyte
(to pH = 7.5), via the manual injection of 5 M KOH every hour
(Fig. 2d). This approach allowed the preservation of high
Faradaic efficiency throughout the whole test, with only a rela-
tively minor drop in the 65 h test at j = 100 mA cm™> and with
a final value of FEgyrmate > 70%. This excellent performance
allowed us to achieve the production of a 0.35 M HCOO™ solu-
tion in 65 h. We envision that automatic pH control would be
highly beneficial for the set-up, limiting or possibly even com-
pletely preventing the FEgmaee decrease. It is worth underlin-
ing that the visual inspection of the electrolyte throughout the
65 h test allowed excluding any detachment of the electrocata-
lyst from the GDE.

CO, contaminants

Another usually overlooked factor in the investigation of the
CO,ER is the purity of the CO, feed. The utilisation of CO,
from industrial flue gas as reactant source entails the presence
of contaminants, such as CO and air (O, and N,), that could
act as poisoning agents and be detrimental to the electrocata-
lyst performance. This work was part of a H2020 project
(Recode, https://recodeh2020.eu/), that aimed at capturing and
utilising the CO, emitted by a cement production factory
(Titan Cement group, Kamari, Greece). In the composition of
this industrial flue gas source (Table S2}), O,, N, and CO

This journal is © The Royal Society of Chemistry 2023
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account for the highest concentrations among the contami-
nants in the emitted CO,. Therefore, we chose to investigate
the effect of CO and air (O, and N,) on the electrocatalyst
activity. CO poisoning was assessed by performing preliminary
tests at —1.6 V vs. Ag/AgCl (j = 10 mA cm™?) over 5 h (Fig. S57),
and testing different CO concentrations in the range from
300 ppm up to 1200 ppm. No significant variation of FE¢ormate
was observed up to 750 ppm of CO, while a 10% decrease was
recorded when the CO concentration reached 1200 ppm. O,
contamination tests were performed at —1.6 V vs. Ag/AgCl, for
a total charge of 2 kC. The presence of O, in the CO, stream
had a drastic impact on the Faradaic efficiency towards
formate. In the presence of a 2.6% v/v concentration of O,,
FE¢ormate decreased to 37%. An increase in O, concentration to
5.3% v/v led to a further, though less dramatic, decrease to
FEformate = 12% and a further increase to 10.5% v/v led to no
substantial further drop in terms of FEf,macee (Fig. S61). The
drastic decay of FE¢,mate Was accompanied by a net increase in
current density (from 13 to 50 mA cm™?), indicating that the
bismuth-based electrocatalyst displays high activity in the
oxygen reduction reaction (ORR). This study of the effect of the
contaminants present in CO, streams is of great importance
for the scale-up applicability of such an electrocatalyst. The
obtained results prove that the presence of O, in the catholyte
due to possible cross-over of O, produced at the anode or due
to air leaks in the CO, feed line would drastically decrease the
CO,-to-formate conversion efficiency. In order to study the
effect of the contaminants under our industrially-relevant con-
ditions (j = 100 mA cm™2 at 50 mL min " of CO,), contami-
nation tests were performed by adding 1200 ppm CO,
26 000 ppm O, and their combination to the pure CO, inlet
(Fig. 3a). The drop in FE¢omace (—8.2% in the presence of CO,
—6.4% in the presence of O, and —5.3% in the presence of CO
and O,) cannot be solely ascribed to the decrease in CO, con-
centration in the feed due to the dilution effect caused by the
contaminant gas(es). The FE¢,rmate Was only partially recovered
after a pure CO, stream was restored. When the gas feed was
changed to Ar, no gas products or formate were observed
(Fig. S7t), indicating that formate formation is exclusively
ascribed to CO, reduction. Remarkably, the replacement of the
electrolyte after the test with the contaminants had a strong
impact on the measured electrocatalyst selectivity: the original
Faradaic efficiency towards formate was completely recovered
when fresh electrolyte was employed in both the cathodic and
anodic compartments (Fig. 3b). This suggests that contami-
nation of the electrolyte takes place during these tests. This
hypothesis is supported by the fact that removing the fresh
electrolyte and reusing the electrolyte employed during the
gas-contamination test led to a noticeable decrease in FE¢ormate
(=15%, Fig. 3b), similar to the one recorded during the gas-
contamination test (—13%). This phenomenon prompted us to
study more in-depth the effect of possible species present in
the electrolyte. In particular, we investigated whether formic
acid, which might be present in solution as a consequence of
protonation of the produced formate, could affect the electro-
catalyst. For this purpose, the GDEs coated with the Bi electro-
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Fig. 3 (a) Gas-contamination test (CO; in yellow, CO in blue, and air in orange). (b) FE,;mate before and after the gas-contamination test, after

restocking of the electrolyte (3 h) and after the reuse of the electrolyte utilised during the gas-contamination test (3 h). Conditions: chronopotentio-
metryati=1A (j =100 mA cm™2) for 7 h, 0.5 M KHCOs as the catholyte and 0.5 M H,SO, as the anolyte. Faradaic efficiency towards formate (green
bars), E.ey (blue dots) and E,, .. (red dots). In the presence of CO, at pH = 7.5, controlled with injections of 5 M KOH every 2 h, increasing from 0.5 mL

to 5 mL.

catalyst (BiSub@AC-400) were treated with a 0.5 M solution of
either HCOOK or HCOOH for 24 h under stirring prior to use
in the flow cell. 0.5 M HCOO™ was chosen as a representative
final product concentration obtained with BiSub@AC-400/GDE
(Fig. 2d). The untreated (Fig. 4a) and the treated GDEs (Fig. 4b
and c) required similar E. and Ej. to sustain a current
density of 100 mA cm™2. The HCOOK-treated GDE also showed
a similar FEyrmae to the untreated one (with an average
variability of +4%). On the other hand, the HCOOH-treated
GDE displayed consistently lower FEgormate (—20% after 2 h and
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—50% after 10 h, Fig. 4d). ICP-OES elemental analysis of the
electrolytes and treatment solutions (Table S3t) showed that Bi
leaching was observed only upon treatment with HCOOH,
whereas no Bi species were detected in the electrolyte solu-
tions after the tests. XRD characterisation of the GDEs after
the CO,ER tests (Fig. S8t) showed that the electrocatalyst is
not affected by the treatment with HCOOK, whereas the treat-
ment with HCOOH led to dissolution of the [Bi,0,CO;] phase
present at the electrocatalyst surface.” Therefore, we hypoth-
esise that this is an active phase for the CO,ER and its dis-
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Fig. 4 Chronopotentiometry ati=1A (j =100 mA cm™?), 0.5 M KHCO3 as the catholyte and 0.5 M H,SO, as the anolyte. FE¢omate (green bars), Ecey
(blue dots) and Ey, .. (red dots). pH = 7.5, controlled with injections of 5 M KOH every hour, increasing from 0.5 mL to 5 mL for: (a) BiSub@AC-400
GDE; (b) BiSub@AC-400 GDE treated with a 0.5 M HCOOK bath for 24 h prior to FC use; and (c) BiSub@AC-400 GDE treated with a 0.5 M HCOOH
bath for 24 h prior to FC use. (d) FE¢ormate COMparison between GDEs based on BiSub@AC-400 (black), BiSub@AC-400/HCOOK-treated (blue) and
BiSub@AC-400/HCOOH-treated (red).
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solution is the cause of the partial loss of activity towards the
reduction of CO, to formate. This phenomenon was not
observed during the stability tests (Fig. 2d), probably as a con-
sequence of the pH control of the catholyte solution, which
led to neutralisation of (most) formic acid, and thus to a much
lower concentration of formic acid in the catholyte than in the
HCOOH-contamination test.

Conclusions

In this work, we demonstrated that the implementation of the
electrochemical reduction of CO, in a flow cell can greatly
benefit from the careful tuning of (i) electrolytes and CO, feed
flows and (ii) the cell configuration and the combined optimi-
sation of electrolytes and membranes, including the control of
pH. This allowed us to maximise the activity and selectivity of
a Bi-based electrocatalyst for the reduction of CO, to formate
in a long (65 h) test at an industrially-relevant current density
of j = 100 mA cm™2 Under the optimum conditions identified
in this work, it was possible to convert CO, into formate with
high Faradaic efficiency throughout the whole test (FE¢ormate >
70%) and in this way to produce a 0.35 M HCOO™ solution in
65 h. Besides this notable green advance, our study also
proved the limitations posed by the use of a cationic (Nafion)
membrane in combination with 0.5 M KHCO; electrolytes, as
under these conditions the diffusion of K through the mem-
brane hampers the long-term performance of the cell and,
therefore, strongly limits the large-scale application of the
process. We investigated the use of an anionic membrane
(Fumasep) as an alternative, but this leads to the diffusion of
formate towards the anodic compartment and its consequent
oxidation, leading to a marked drop in Faradaic efficiency.
With the current design of the flow cell, the best option identi-
fied in this work consists of combining the use of a cationic
membrane (Nafion) and 0.5 M H,SO, as the anolyte, with a
system to control the pH of the catholyte. Further improve-
ments can be expected by investigating the effects of highly
recirculated electrolytes vs. semi-batch experiments. Future
studies should also focus on the exploration of novel flow cell
designs such as 3-chamber electrolysers (Table S11)® and mem-
brane-less electrolysers.”> Another factor that should be
increasingly investigated is the influence of the contaminants
that are often present in industrial CO, streams. Here, we
studied the performance of our Bi-based -electrocatalyst
(BiSub@AC-400) with CO, containing the contaminants typi-
cally present in CO, emissions of the cement industry (CO and
0,). It was concluded that the electrocatalyst is also active in
the oxygen reduction reaction, which means that this reaction
strongly competes with the reduction of CO, in the presence of
an O, concentration as low as 2.6% v/v. This observation is of
great importance for scaling up the system, as it indicates that
special care should be taken to prevent cross-diffusion of O,
towards the catholyte or gas (air) leaks in the CO, feeding line.
Altogether, this study allowed us to achieve important
enhancements in the flow cell application of the electro-
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catalytic reduction of CO, to formate using an affordable, up-
scalable and selective Bi-based electrocatalyst, and at the same
time it led to the identification of the main limitations in the
current flow cell design for this reaction. Therefore, we believe
that this work can inspire future developments towards the
large-scale application of the electrochemical reduction of CO,
to valuable products, which is a very attractive target reaction
in the context of green chemistry.

Experimental section

Materials

Bismuth(m) subsalicylate 99.9% (BiSub), ethanol 96%,
dimethyl sulphoxide 99.9% (DMSO), sodium bicarbonate >99.7%
(NaHCOs3), potassium bicarbonate >99.7% (KHCO;), formic acid
>95%, potassium formate >99%, KOH pellets, conc. H,SO, solu-
tion, and Nafion perfluorinated ion-exchange resin, 10 wt% dis-
persion in water, were purchased from Sigma Aldrich. Norit SX1G
activated carbon (AC) was purchased from Cabot. The Nafion 115
and the Fumasep (FAA-3-pk-75, reinforced) membranes were pur-
chased from the Fuel Cell Store.

Electrocatalyst synthesis

The electrocatalyst was prepared by scaling up a synthesis
method reported previously by our group.* In a 200 mL round-
bottom flask, 1.50 g of activated carbon was mixed with 1.76 g
of bismuth(m) subsalicylate and 75 mL of ethanol. After stir-
ring overnight (8 h), the slurry was dried via rotaevaporation
and dried overnight (8 h) at 90 °C in an oven. The dried
powder was divided into two quartz boats (1.5 g each) and pyr-
olysed under N, atmosphere (flow: 100 mL min™") at 400 °C
for 1 h (ramp: 25 °C min™") in a tubular oven, with a final
mass yield of 84%. The obtained material was labelled
BiSub@AC-400. The detailed physicochemical characterisation
of this material before and after electrocatalytic testing has
been reported previously.*

GDE preparation

The gas diffusion electrodes (GDEs) were prepared as follows:
first, 117.6 mg of the electrocatalyst powder was dispersed in
13.8 mL of acetone (or ethanol) with 177 pL (159 mg) of
Nafion (5 wt%) suspension and sonicated for 30 min in an
ultrasonic bath. The suspension was then loaded onto an
Iwata Eclipse HP BCS airbrush and the catalyst was spray-
coated on a carbon paper (39.3 mm x 43 mm; GDL 29 BC
Sigracet), up to a deposition of 9 mg (0.5 mg cm™2) of the elec-
trocatalyst (based on the dried GDE).

Nafion membrane activation

The Nafion 115 membrane was purchased from the Fuel Cell
Store and, before use, it was treated with 3 wt% of aqueous
H,0, at 80 °C for 1 h in order to remove organic impurities.
Then, it was activated using a 0.5 M aqueous solution of
H,SO, at the same temperature for 1 h. Finally, the Nafion
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membrane was washed with deionised H,O until a neutral pH
was reached.

Flow cell set-up

The experiments were performed with a Microflow cell from
Electrocell. The flow cell is made from PTFE (body and
spacers) and is equipped with a 10 cm?® (34 mm x 30 mm)
active area GDE as working electrode (WE), a Mixed Metal
Oxide Dimensionally Stable Anode (MMO DSA) as counter
electrode (CE), leak-free Ag/AgCl (3.5 M KCl, Alvatek: LF-1-100)
as reference electrode (RE) and a Nafion or a Fumatech
(Fumasep FAA-3-pk-75, reinforced) membrane. The gas and
electrolyte lines were connected to the cell as depicted in
Fig. 1a and S1.7 The CO, line tubing was provided with a trans-
parent plastic section to monitor the possible presence of any
trace of liquid or salt crystals during the experiments.
Additionally, the gas chamber (back of the GDE) was visually
inspected after every experiment. In this way, we determined
that no flooding occurred during our experiments.

If not otherwise specified, 0.5 M KHCO; (205 g) and 0.5 M
H,S0, (210 g) were respectively used as the catholyte and
anolyte. Unless otherwise specified, the electrolyte flow was set to
50 mL min~" and the CO, feed was set to 50 sccm. The catholyte
and anolyte were continuously recirculated. In the experiments in
which the pH was controlled, the catholyte pH was maintained
constant by the addition of small aliquots of 5 M concentrated
KOH (0.5-5 mL). The flow cell was connected to an Autolab
potentiostat (10 A booster) with Nova software and the total cell
potential was measured with a multimeter (WE to CE).

Product characterisation

The analysis of the liquid products was carried out via HPLC
on an Agilent Technologies 1200 series, equipped with a Bio-
Rad Aminex HPX-87H 300 x 7.8 mm column at 7 = 60 °C with
0.5 mM aqueous H,SO, as eluent (0.55 mL min™') and a
refractive index detector. The HPLC samples were prepared by
mixing 1.0 g of sample and 0.5 g of a standard aqueous solu-
tion containing DMSO (0.03 M) and NaHCO; (0.5 M). The
liquid products derived from the contamination tests were
analysed using HPLC (Shimadzu Nexera-I LC-2040C), equipped
with an Aminex HPX-87H column at T = 40 °C with 8 mM
H,SO, as eluent (0.8 ml min~") and a photodiode array (PDA)
detector. The detection of the gas products was carried out
with an online compact GC (CGC) from Interscience, equipped
with Paramond (CO,, C2+) and Molsieve (H,, O,, N,, CO, CH,)
columns, while for the contamination tests a micro gas chro-
matograph (Micro GC Agilent) with Molsieve 5 A and
PoraPLOT Q columns was used.

Based on the concentration of formate determined using
HPLC, the Faradaic efficiency (FEformate) Was calculated using
the following equation:

2 X F X MOlformate

Q

where 2 is the number of electrons involved in the reaction,
F is the Faraday constant (96 485.3 C mol™'), Q is the charge

FEformate = X 100%

1882 | Green Chem., 2023, 25,1875-1883

View Article Online

Green Chemistry

measured during the test (C) and molgymace are the produced
moles of formate (mol). The Faradaic efficiency is thus a
measure of the selectivity of the electrochemical process
towards the synthesis of formate. Besides formate, H, was the
only other product that was observed in this study (no other
gaseous or liquid side products were detected). Since formate
was the only carbon-containing product detected during the
electrocatalytic tests, the selectivity relative to CO, was >99.9%
towards formate.

Based on the Bi loading, the turnover frequency (TOF) of
the GDE containing BiSub@AC-400 at j = 100 mA cm™> (i = 1 A)
was calculated to be TOFiormate = 3.49 §7' X FEgormate (S€€
Fig. S9 and the related text in the ESIT for further
information).****

ICP-OES analysis

Analysis by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) was carried out using an Optima 7000
from PerkinElmer. For the analysis, 1.0 g of the sample was
diluted with 1% HNO; until a volume of 11 mL was obtained.
The ICP-OES measurements were carried out in duplicate,
from which the average and standard deviation were
calculated.
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