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Abstract

CO; electrolyzers require gaseous CO; or saturated CO; solutions to achieve high energy
efficiency (EE) in flow reactors. However, CO; capture and delivery to electrolyzers is in most
cases responsible for the inefficiency of the technology. Recently, bicarbonate zero-gap flow
electrolyzers have proven to convert CO; directly from bicarbonate solutions, thus mimicking
a CO; capture media, obtaining high Faradaic efficiency (FE) and partial current density (CD)
towards carbon products. However, since bicarbonate electrolyzers use bipolar membrane
(BPM) as a separator, the cell voltage (Vcen) is high and the system becomes less efficient
compared to analogous CO; electrolyzers. Due to the role of the bicarbonate both as a carbon
donor and proton donor (in contrast with gas-fed CO, electrolyzers), optimization by using
know-how from conventional gas-fed CO; electrolyzers is not valid. In this study, we have
investigated how different engineering aspects, widely studied for upscaling gas-fed CO;
electrolyzers, influence the performance of bicarbonate zero-gap flow electrolyzers when
converting CO; to formate. The temperature, the flow rate and the concentration of electrolyte

are evaluated in terms of FE, productivity, Vcen and EE in a broad range of current densities (10-
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400 mA cm™). CD of 50 mA cm™?, room temperature, high flow rate (5 mL cm™) of electrolyte
and high carbon load (KHCOs 3 M) are proposed as potentially optimal parameters to
benchmark a design to achieve the highest EE (27% is obtained this way), one of the most
important criteria when upscaling and evaluating Carbon Capture & Conversion technologies.
On the other hand, at high CD (>300 mA cm), low flow rate (0.5 mL cm™) has the highest
interest for downstream processing (>40 g L't formate is obtained this way) at the cost of a low

EE (<10 %).

Keywords

Carbon Capture and Utilization, bicarbonate reduction, electrochemical CO; reduction, zero-

gap flow electrolyzer, bipolar membrane

1 Introduction

The increase in the concentration of CO; present in the atmosphere, currently over 415 ppm,
poses a threat to society since it is directly linked to global warming and climate change.* The
CO; is mostly released from anthropogenic sources as a co-product of many processes within
the chemical industry (like organic synthesis or metallurgy) or after the combustion of fuels
as a means of energy obtention.® Some of the strategies to reduce the net emissions is to
reutilize the released CO; by developing technologies in the theme of Carbon Capture and
Utilization (CCU). In CCU, the CO; is directly captured from the air (DAC) or from flue gasses
to be used as a substrate to produce high-value or bulk chemicals with processes such as
methanation or electroreduction.*® The electrocatalytic conversion of CO; (eCO3R) is
proposed as one of the most promising technologies to convert CO; in an efficient and green
way after it has been captured.® The eCO2R converts CO; to a variety of carbon-based products
(such as formate, CO, ethylene, methane and alcohols) by using renewable electricity and an
electrocatalyst, which will determine the product formed.””® However, one of the main
drawbacks is the high energy requirement for capturing CO, specifically from the air.**? Since
the concentration of CO; in the air is relatively very low, obtaining it becomes cumbersome
and costly. Current technologies to capture CO; include a capturing step with an alkaline
solution, a regeneration step to extract back the CO, and a compression step to store the CO;

to be delivered later to the electrochemical cell.’*** The last two steps require most of the



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

total energy for capturing and converting CO.. Then, capturing and delivering the CO;
efficiently to the electrochemical cell is critical to making the process feasible and industrially

interesting.

To avoid these high energy demanding steps, one of the alternatives is to use bicarbonate
(HCO3) aqueous solutions, such as KHCOs, as the actual reactant for the electrochemical
reduction step instead of gaseous CO; or CO, purged solutions.’® By using bicarbonate as
substrate, there is no necessity of compressing and releasing CO; again after the capturing
step, since CO; is captured in form of bicarbonate with an alkaline solution, like KOH, and then
used directly. Although this alternative appears to solve the drawback of using CO; gas as a
substrate, it is still far from applicable. Bicarbonate electrolysis has proven to be less efficient
in terms of Faradaic Efficiency (FE) and partial current density (CD) towards carbon products
compared to analogous gas-fed CO; reduction systems and little research has been done
about it. Most of the studies currently done on eCOzR involve supplying pure CO; gas to the
electrochemical cell or gas diffusion electrodes instead of using post-capture CO; solutions,’
mostly due to the little knowledge that the community possessed on the role of bicarbonate

as a substrate (or intermediate) in eCO2R.

The role of bicarbonate in the eCO;R and the mechanism behind the electrochemical
reduction of bicarbonate have been debated within the community for a long time. It is said
that bicarbonate is the substrate of the reduction reaction and thus the low FE comes from
the lack of the right catalyst or the unoptimized electrochemical reactor,'®**° while on the
other hand there is also the statement supporting that bicarbonate is merely a carbon donor,
CO, being the substrate of the reaction (delivered from the equilibrium reaction of
bicarbonate with water) and that the low FE comes from the high proton donor ability of
bicarbonate, thus promoting the hydrogen evolution reaction (HER), the main co-reaction.?
Based on the research done on this topic in the last few years, it can be concluded that in fact
1) bicarbonate is a carbon donor and supplies CO; to the electrode;?**? 2) bicarbonate is an
even better proton donor, promoting the HER;?*?* and 3) the substrate is indeed CO; instead
of bicarbonate, even in pure bicarbonate solutions.? Then, to increase the FE and CD towards
carbon products when using bicarbonate as a substrate there are two main strategies to
follow: either the proton donor ability of bicarbonate is inhibited or the carbon donor ability

of bicarbonate is promoted.
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Some studies explored how to inhibit HER in bicarbonate electroreduction systems but,
although high FE was obtained (more than 70%), the partial CD was low (3 mA cm™) and the
strategy approached involved the addition of extra components to the electrolyte, such as
surfactants, that made the system more complex and harder to upscale.?** On the other
hand, some other studies explored how to improve the carbon donor ability of bicarbonate
by acidifying in situ the catholyte (and thus releasing more CO, from bicarbonate) by using a
bipolar membrane (BPM) as a separator in a zero-gap flow electrolyzer, depleting water to H*
(towards the catholyte) and OH" (towards the anolyte) upon the polarization of the electrodes
(Figure 1). The results obtained by using this strategy were promising, specifically in terms of
partial CD (50-150 mA cm2), and good FE towards formate or CO was obtained (40-60%).25%’
However, since a BPM has a three-membrane layer configuration, the ohmic drop between
the two electrodes is very high. In addition, an overpotential for water dissociation is added
to the system thus becoming more inefficient in terms of energy efficiency of the
electrochemical cell (EE) than in analogous systems involving CO, gas and ionomeric
membranes (because of the increase in the cell voltage, Vcen).??3° Nevertheless, due to its
special role in bicarbonate electrolysis, the use of BPM is benchmarked for the design of

bicarbonate (zero gap) electrolyzers.

As the most promising strategy, there is interest in optimizing the performance of the
bicarbonate zero-gap electrolyzer involving BPM as a separator. The first approach was to find
the most optimal configuration of the electrocatalyst to achieve the highest FE and partial CD
towards carbon products. Most eCOzR flow electrolyzers involve Gas Diffusion Electrodes
(GDE) to avoid flooding of the electrode while the CO; is provided from the gas phase.’” To
achieve these functions, the GDEs are generally formed of carbon support, a Micro-Porous
Layer (MPL) and a hydrophobic PTFE layer. Since in bicarbonate electrolyzers the CO; is
delivered from the bicarbonate electrolyte, this electrocatalyst configuration was suboptimal.
Lees et al. investigated the effect of the different layers present in a GDE for bicarbonate
electrolysis. They proposed an optimal configuration of the electrocatalyst where the MPL
and PTFE layers are removed from the GDE. The increase in the hydrophobicity of the
electrode was detrimental for the diffusion of CO, from bicarbonate (partial flooding of the

electrode is of interest in bicarbonate electrolyzers), thus decreasing the FE and partial CD.**
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Other than investigating the configuration of the electrode, there is a lack of detailed research
on other engineering aspects for bicarbonate electrolysis. Therefore, there is still room for
improvement on the optimization of a bicarbonate zero-gap flow electrolyzer. For this reason,
we have investigated how operational parameters such as the temperature of the reactor,
the inlet flow rate of the electrolyte and the concentration of carbon load affect the
performance of a bicarbonate zero-gap flow electrolyzer involving a BPM. In addition, we
have complemented the study on the optimization of the electrocatalyst done by Lees et al.,
by investigating the effect of the binder material used in the composition of the
electrocatalyst ink on the performance of the system. Formate is targeted as product for the
electrolysis experiments. It is well known that formic acid is one of the key products for the
valorization of eCO,R.32 However, currently, eCO2R strategies pursues formate, too.3 This is
due to the low pK, of formic acid (3.74) which requires an acidic catholyte (thus promoting
HER) or high concentration of formic acid at the outlet catholyte, otherwise formate is
produced. This is hardly possible in bicarbonate electrolysis because of the mild-alkaline
media of the catholyte (pH 8-9) and the buffering effect of bicarbonate. State-of-the-art in
eCO;R already considers formate as value product for energy storage, such as in formate fuel
cells.3#3> On the other hand, some downstream processing pathways already includes the
conversion of formate to formic acid prior the separation steps. In some cases, even formate
is directly separated without the necessity of converting it to formic acid first.3 Therefore,
formate is an ideal product to test the operational conditions of bicarbonate electrolysis.
Therefore, Sn-based electrocatalyst was selected to convert bicarbonate since it is one of the
most selective materials for the production of formate in eCO2R.?® In addition, Sn has never
been tested before in bicarbonate electrolysis, adding extra value to the study (only Bi has
been reported).’” Nevertheless, the FE towards formate from bicarbonate electrolysis is still
far from optimal (up to 60% has been reported up to day), 2® then we must assume an
important fraction of the FE towards co-reactions such as the HER and the CO formation.
Based on our previous work on CO; electrolysis (where similar catalyst configuration and
operational conditions were used)*® and the reports on alkaline CO,/bicarbonate
electrolysis,*® the main products are formate and H,. Therefore, we find negligible for this
study the fraction of CO formed from bicarbonate electrolysis, thus considering the rest of
the FE towards HER. Nonetheless, in research focused on CO/syngas production or in studies

on the selectivity of bicarbonate electrolysis, this small fraction of FE (specifically how it
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evolves with high CD) must be considered. Nevertheless, the conclusions of the results
obtained in this study can be easily extrapolated to other targeted products, such as CO, since

the same reactor configuration is currently used.

® H,0 = H'+OH
@ HCOy +H" = CO0,+H,0
® CO,+H,0+2e° — HCO, +OH
@® 20H — %0, +H,0 +2¢°
Global reaction
HCO;" —  HCO; + %0,

Figure 1: Schematic representation of the mechanism of bicarbonate electrochemical
reduction to formate in reactors involving a BPM (CEL: Cation Exchange Membrane. AEL:

Anion Exchange Membrane).

The FE towards formate (FErormate), formate concentration, Vcel and EE were used to evaluate
and compare the performance of the electrolyzer in each case scenario for a broad range of
current densities (10-400 mA cm2). The details, assumptions and formulas used can be found
in the supporting information. The FE allowed us to evaluate the selectivity of the electrolysis,
the formate concentration allowed us to evaluate the profitability of the product solution for
downstream processing, the Vcen allowed us to evaluate the cell efficiency (CE) of the
electrolyzer and finally, the EE allowed us to evaluate the overall efficiency of the electrolysis
(for upscaling prospects). For the evaluation of the effect of the binder material in the
configuration of the electrode, only the FE was evaluated. At the end of this study, the most
optimal configuration(s) are proposed for benchmarking high-efficient engineering aspects

for the design of a bicarbonate zero-gap flow electrolyzer.
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2 Materials and methods

2.1 Materials and solutions

All the chemicals were obtained from commercial sources and used without purification unless
stated otherwise. KHCOs solutions used as catholyte were prepared by dissolving the
corresponding amount of 3 M (unless stated otherwise) potassium hydrogen carbonate 99.5%
(Chem-Lab) in Ultra-Pure water (MilliQ, 18.2 MQ cm). The KOH solutions used as anolyte were
prepared by dissolving the corresponding amount of 1 M of potassium hydroxide pellets
(Chem-Lab) in Ultra-Pure water. Tin nanoparticles, particle size <150 nm (Sigma-Aldrich) and
tin(1V) oxide nanoparticles (Sigma-Aldrich), particle size <100 nm were used as the catalyst and
porous carbon paper AvCarb MGL 190 (Fuel Cell Store) was used as catalyst support. Nafion D-
520 dispersion (Alfa Aesar) and Sustanion® XA-9 (Dioxide Materials) were used as binder
ionomer during electrode manufacturing. For the counter electrode, Ni foam (Nanografi) was

used. To separate the catholyte and the anolyte, a Bipolar Membrane (FumaSep) was used.

2.2 Working electrode manufacturing

Adding complexity to the electrocatalyst material has been questioned due to the unrealistic
upscaling capabilities, even though the electrochemical response in lab-scale is proficient. For
instance, complex electrodes that consists of multiple components such as nano-scaled
arrangements, binders or additives present a huge variety of properties (conductivity, active
sites, stability...) that, as a result, make the chemistry/structure of the surface almost
impossible to correlate.** To benchmark our experimental procedure and to focus specifically
on the engineering parameters of the reactor mentioned, commercial Sn (or SnO;)
nanoparticles of particle size <150 nm are used. Del Castillo et al. demonstrated an optimal
reduction of CO, to formate on by using these Sn particles with a particle size of 150 nm.** We
used this procedure in previous eCO2R engineering studies and it allowed a proper evaluation
of the results obtained as well as good reproducibility.** Parallelly, we used SnO, particles,

too, as high performance has been observed in recent studies.***

Working electrodes were manufactured by spray coating a catalyst ink on top of a 4x4 cm?
porous carbon paper. For the preparation of this ink, the nanoparticles (Sn or SnO3) were mixed
with a 50/50 isopropanol/water solution. Optionally a binder ionomer was added to the

mixture following the procedure benchmarked in our previous research (mass ratio of 70/30



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

nanoparticles/binder and concentration of 3 wt%).>® Next a sonication probe (SinapTec
NexTgen Lab 120) was used for 30 minutes to disperse the nanoparticles in the solution and
create a homogenous ink. After the sonication procedure, the homogenous ink is deposited on
the porous carbon substrate by airbrushing with argon as carrier gas. During the airbrushing
procedure, the electrode was placed on a hotplate where the temperature was maintained at
60 °C to promote the evaporation of the solvent. Finally, the finished electrode is dried under
atmospheric conditions and weighed to calculate the loading of the catalyst particles. All

electrodes used in the experiments had a final loading of 2.0 + 0.2 mg cm™ nanoparticles.

2.3 Electrolysis

The electrochemical screening is performed in a custom build bicarbonate electrolyzer, of
which a schematic presentation is shown in Figure 2. The electrolyte was not previously purged
with an inert gas to mimic as better as possible a CO; capture solution. Then, O, reduction and
CO production are assumed as artefacts of the process and as contributors to the total FE. The
bicarbonate enters the electrolyzer from the bottom, where it flows through the graphite flow
channel to the top of the electrolyzer. The graphite flow channel has an interdigitated design,
thereby the bicarbonate is convectively forced in the pores of the working electrode which is
pressed against the graphite plate. This flow design thereby optimizes the mass transfer of
bicarbonate towards the catalyst surface. On top of the electrode, a BPM is placed. This BPM
serves multiple purposes. 1) It separates the cathode from the anode region and thereby
prevents product crossover; 2) allows the movement of ions in between the two electrodes
and 3) provides the protons to the catholyte. The last purpose is essential for the good
operation of the cell as the protons will dissociate the bicarbonate in water and CO,. The anode
side of the electrolyzer is similar to the previously described cathode side. However, here a
nickel foam was used as an electrode and potassium hydroxide as an anolyte. Copper current
collectors are fitted against the backs of the graphite flow channels and are used to connect
the potentiostat (Autolab PGSTAT302N) to the system. Finally, the electrolyzer is assembled

using two aluminium backplates and Viton gaskets to provide sealing.

The bicarbonate solution was fed in single-pass mode to the cathode side of the electrolyzer
using a High-Performance Liquid Chromatography (HPLC) pump which allowed for accurate

control of the flowrate. At the outlet of the electrolyzer, a liquid/gas separator was used to
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separate the different phases of the flow exiting the reactor and samples were taken for
product analysis. On the anode side, a peristaltic pump was used to recirculate 1000 mL of 1
M potassium hydroxide at a flow rate of 20 mL min. The complete electrolyzer was placed in
an oven (Binder Oven) to control the temperature of the system at multiple values (25, 40 and

60 °C).

e

Liquid Sample

HPLC

KHCO,

HPLC Pump

Peristatic
Pump

Potentiostat

Figure 2: Schematic representation of the experimental set-up of the zero-gap electrolyzer for
bicarbonate electrochemical reduction. Expanded view: A) end-plates; B) Cu current collectors;

C) Cathode flow channel; D) Catalysts gaskets; E) BPM; F) Anode flow channel.

2.4 Product analysis

For product analysis, Agilent 1200 High-Performance Liquid Chromatography with Agilent Hi-
Plex H 7.7x300 mm column was used to separate the product and Agilent 1260 RID detector
to detect and quantify formate in the form of formic acid. The samples were previously diluted
with water and acidified with H2SO4 to avoid bubble formation and obstruction in the column.
H,SO4 0.01 M was used as the mobile phase. Two tests per set of experiments are performed
and displayed as the average of FE, the concentration of formate, Cell Voltage and EE. The

error bars correspond to the standard deviation.
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3 Results and Discussion

3.1 Catalyst configuration: binder material and oxidation state

Tin-based catalysts are already well established among the preferred catalyst for the eCO2R
towards formate. Recently it was shown that oxidized (IV) tin performed even better.***¢ To
analyse if this behaviour remains in a bicarbonate electrolyzer, we have performed
experiments with porous carbon on which either Sn or SnO; nanoparticles were deposited.
The results displayed in Figure 3 (left) show that at low current densities (10 mA cm?) the
FErormate is slightly better on Sn (38%) versus SnO2(33%). However, by increasing the CD a drop
in FErormate ON SN was observed, while on SnO; drastically increased. At 25 mA cm?, the
FErormate ON SNO2 nanoparticles reached a peak at 51% after which it linearly decreased to 31%
at 100 mA cm™. On Sn nanoparticles, the FErormate drops 29% at 25 mA cm™. Further increase
of the current had little effect as the FErormate Stabilized at 30%. From these results, it is clear

that in analogy to eCO2R electrolyzers, SnO, outperforms Sn.

Since in bicarbonate electrolyzers there is high competition with HER, we also evaluated the
effect of the binder material used in the manufacturing of the working electrodes. The binder
may have an impact on the performance of the reactor, caused by the high proton activity at
the catalyst surface due to the high rate of protons generated at the BPM surface, in
combination with the binder effect. A proton exchange binder such as Nafion promotes the
transfer of H* to the catalytic surface, promoting HER, while an anion exchange binder like
Sustainion promotes the transfer of bicarbonate ions (also a good proton donor) promoting
HER as well. Overall, these phenomena promote HER and thereby lower the FE and partial CD
towards formate. However, there are studies showing up the good performance of Sustainion
membranes in diffusing CO, and decrease HER.*’ Nevertheless, these studies are focused on
gas-fed electrolyzers and do not include high concentrated bicarbonate solutions as
catholyte, therefore the influence of the diffusion of bicarbonate anion is hardly comparable
to our system. Nevertheless, it is interesting to observe if the good CO,-diffusion properties
of Sustainion overcomes the diffusion of bicarbonate anion to the surface of the electrode
and thus HER. The data shown in Figure 3 (right) further confirms that the performance of the
bicarbonate electrolyzer was altered when different binder materials were used during the
production process of the catalyst layer. Here the data is presented for porous carbon-coated

with SnO; catalyst and either Nafion, Sustainion or no binder present. Both the Nafion and
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Sustainion® binders show similar behaviour, the decrease of FErormate. At low CD the FErormate
is low. Then increasing the CD leads to a peak FErormate at 25 mA cm™? (27% and 51% for
Sustainion and Nafion respectively) and a further increase of CD results in the stabilization of
FErormate. Nevertheless, Nafion outperforms Sustainion since the concentration of bicarbonate
anions is substantially higher than protons. It is shown how the diffusion of bicarbonate anion
outperforms the diffusion of CO, with Sustainion, resulting in a decrease of FErormate cOmpared
to Nafion and no-binder instead to an increase. Again, the performance of the electrolyzer in
terms of FErormate Was severely limited due to the favouring of HER. When no binder was used,
the FErormate remained constant around 50%, increasing slightly to 54% at 50 mA cm?, in
contrast to the experiments with a binder, where a decrease in performance when the CD

increased occurred.

70 T T 80 T T -
-©-8n/C - © -Sn0,/C Nafion
60 -©-Sn0,/C 1 or - & -Sn0,/C Sustainion | |
60 - SnO_/C w/o Binder | |
< 50 - S~ 2
= o
o“ a ,, ~\0~-~~ °\~50* G\\\
240 A "6 o s S~s
@© S ~. = , - __
£ é . - E 40 ‘ ~e._
2 30 o - --" “T--% G ’ -~
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—— - o - --
20 t ©
4
[ 7
10 10 ¢
0 0

0 20 40 60 80 100 0 20 40 60 80 100
2 2
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Figure 3: FErormate When using Sn or SnO; nanoparticles as electrocatalysts on top of a porous
carbon substrate (left). FErormate When using a Sn0,/C catalyst with a Nafion binder, a
Sustainion binder or without a binder (right). All the experiments were performed using a

KHCO3 3 M solution at 5 mL min? and 25 °C.

Based on these experimental results and due to this study is not focused on the stability of
the electrocatalyst, we decided to avoid using a binder as part of the ink for electrode
manufacturing. We understand that, by not incorporating the binder, the stability of the
electrode is compromised (as will be discussed further). However, obtaining higher FE (and
thus higher absolute values) facilitated the evaluation and comparison of the different
experimental results obtained in this study. It is worth mentioning that the results obtained

in this section adds further knowledge in the field of developing electrocatalyst for
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bicarbonate reduction, and complements the studies done so far, as mentioned previously.
Therefore, SN0, coated electrodes without binder were used during the experiment as it was

shown that this is the optimal composition for the conversion of bicarbonate to formate.

3.2 Effect of the inlet flow rate

While research has shown that catalyst material and electrode composition are crucial in the
optimization of reactor performance, it is also important to investigate the influence of process
parameters, which is currently lacking in the literature. In the first set of experiments the
bicarbonate flowrate is varied between 0.5 mL min?, 1 mL min* and 5 mL min™ while the CD
is increased from 10 mA cm™ to 400 mA cm™. The performance of the reactor (in terms of FE)
is plotted versus the applied current density in Figure 4a for the different flow rates. The overall
behaviour of the evolution of FE represented with the different flow rates is very similar. At
low current densities, when overpotential is low, the FE towards formate (FErormate) is between
41 and 18 % depending on the flow rate. These results are very similar to literature, where this
behaviour is ascribed to the more preferred CO formation (one of the co-products often found
when using Sn catalyst) at low overpotentials leading to a decrease of FE towards other carbon
products such as formate, which is what we propose as an explanation of this observation.*4°
However, gas phase analysis, which was not performed in this study, is needed to confirm this
effect and give an exact value of FE towards CO and H,, as well as the possible energy losses
present during the electrolysis. When the CD is increased towards 50 and 100 mA cm™ a sharp
increase in FErormate Can be noted. A maximum FEgormate Of 58 % was achieved at 5 mL min™t and
100 mA cm™. A further increase of the CD led to a linear decrease of the FErormate, again this is

similar to literature where the co-reaction HER starts dominating at increased overpotentials.?®

When evaluating the effect of the flow rate in eCO2R, one of the most interesting parameters
to study is the concentration of formate at the outlet of the catholyte. A lower flow rate
increases the retention time of the catholyte in the electrolyzer so the final concentration of
formate at the outlet flow will be higher. The cost of the downstream processing to separate
the formate from the rest of the solution and valorise it depends directly on its concentration.
A higher concentration of formate decreases the operational costs of the downstream process.
Former studies on the processing of products for conventional gas-fed CO; electrolyzers stated

that, to be technologically feasible, the concentration of formate must be at least 45 g L'1.>°
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Although this concentration is calculated based on the processing of gas-fed CO; electrolyzers,
it can serve as a reference for bicarbonate electrolyzers, too. In figure 4b, the concentration of
formate at the outlet catholyte for each case scenario is displayed. As observed, the
concentration increases significantly when the flow rate decreases, as expected. For instance,
at 100 mA cm?, it increased from 2.1 to 10 and 27 g L't when the flow rate was 5, 1 and 0.5 mL
min’, respectively. The increase in the concentration of formate is directly proportional to the
flow rate although there are small variations due to the differences in the FE for each flow rate.
This trend was not strictly followed along with the screening of CD when the flow rate is 0.5
mL min! because the decrease in the FE as the CD increases is more significant (very little
changes in concentration of formate from 200 to 400 mA cm™). Interestingly when the flow
rate was 0.5 mL mint, at 200, 300 and 400 mA cm™ the concentration of formate was 40, 44
and 46 g L respectively, very close to the target concentration for downstream processing

needed for upscaling the technology, mentioned before.

Initially, the flow rate had no noticeable influence on the Vel since it has the same value of 2.7
V at 10 mA cm. Interestingly the Vcen at 5 mL min? rose more rapidly with the CD than the
experiment at 0.5 and 1 mL min™t. At 400 mA cm™, a difference in Vcen of 800 mV was noted
(figure 4c). Although with the experiments performed in this study we cannot give a precise
explanation on this effect, we strongly believe the increase in the Ve at high CD and high flow
rate is caused by the loss of the stability of the electrode/electrolyte interface. More detailed
research involving techniques such as Electrochemical Impedance Spectroscopy would give
further information and a proper evaluation of this effect. Therefore, for the flow rates studied,
since the changes in the Vcel were not significant, the variation in the EE is mostly given by the
FE, following the same trend. Then, as the CD increases, the effect of the increase of the Vcel
becomes noticeable and the EE decreased. The most energy-efficient systems were found at 5

mL mint and 10 and 50 mA cm™ (27 %).
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Figure 4: FErormate (@), concentration of formate (b), Vcen (c) and EE (d) of the electrolysis of a
KHCO3 3 M solution with a flow rate of catholyte of 0.5, 1 or 5 mL min™*. All the experiments

were performed using a SnO,/C electrocatalyst and KHCO3 3 M at 25 °C.

From the results described above, it is clear that the most efficient performance was obtained
at increased bicarbonate flowrate, although the difference is only noticeable at 5 mL min™.
Little difference was found between 0.5 and 1 mL min™. It is hypothesized that this is caused
due to the longer residence time of the in-situ generated gas bubbles at a lower flow rate such
as 0.5 and 1 mL min* (mainly CO; and Hz). These bubbles will cover part of the catalyst surface
and thereby will reduce the overall electrochemical active surface area, which obviously will
negatively affect the cell’s performance. However, by increasing the flow rate of the
bicarbonate, the gas/liquid ratio of the cell will decrease (e.g. more liquid will be present in the
cell) and thus less of the catalyst surface will be shielded, resulting in higher FErormate and EE.

In addition to CO,, most of the gas formed is H, produced during the reaction. When the flow
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rate is low, these H, bubbles stay on the surface of the electrode or in the zero-gap interface,
decreasing the performance of the reactor. A higher electrolyte flow rate will mechanically
remove the H; bubbles and allow most of the surface of the electrode to be fully operational
for the duration of the experiment. Additionally, an increased flow rate will increase the
turbulence in the cell and thereby promote the convective mass transfer of (ionic) species
towards and away from the electrochemically active surface and mass transport-related losses
are reduced. Finally, the retention time of the produced formate in the cell is lower at an
increased flow rate, thus the crossover flux through the membrane is smaller. However, as
shown in literature the crossover through BPM is rather limited thus this effect will be

minimal.>%>2

3.3 Effect of the temperature of the electrolyzer

We studied the effect of the temperature by building the electrolyzer up in an oven and fixing
the value of the temperature in a way that the whole reactor is in isothermal conditions. By
doing this, not only the KHCO3 electrolyte but also the electrodes and the rest of the
components of the electrolyzer will be affected by the temperature. We expected to affect the
system in different ways by changing the temperature. First, the electrochemical
thermodynamic parameters, such as the electrochemical reduction and oxidation potentials
(Ereq in the cathode and Eox in the anode), will be decreased with the increase of temperature,
as the Nernst equation indicates, leading to a decrease in the Vcen. On the other hand, the
solubility of CO, (already low at room temperature, 0.033 M) will decrease with the increase
of temperature, as Henry’s law indicates and we show in Figure S1. For instance, at 40 °C the
solubility of CO; in water is 0.026 M and at 60 °C the solubility is 0.018 M, decreasing the
amount of dissolved CO; in the electrolyte. In a bicarbonate solution, there is always a fraction
of dissolved CO; derived from the equilibrium of bicarbonate with water, which is determined
by the pH (see Bjerrum plot, Figure S2). At the working pH of 8.3, this fraction is 1.2%.
Therefore, in a 3 M KHCOj3 solution, there is 0.036 M of dissolved CO; which is higher than the
solubility of CO; in water at 25 °C, 0.033 M. Thus, in a 3 M KHCOs solution at 25 °C only 0.033
M remains as dissolved CO,. As the temperature increases, not only does the solubility of CO;
decreases but the solubility of KHCOs3 increases® stabilizing the solution to detriment of the
depletion of HCOs™ to dissolved CO; and H;O. Since in bicarbonate electrolysis the dissolved
CO; is the active substrate of the reaction instead of CO; gas, it means a decrease in the amount
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of available CO; to react and thus a decrease in the FE. In addition, the thermodynamic acidic
constant (Ka1) of the equilibrium reaction between HCOs; and CO; will be modified. The
increase in temperature increases the value of the Ki1, meaning that the ratio HCO3/CO; will
increase in favour of HCO3™ (more HCOs and less CO; will be present at equilibrium after the
BPM donates H*). Furthermore, the ionic conductivity of the electrolyte will increase favouring
the mobility of ions, thus decreasing the resistivity of the electrolyte and improving the Vcel.
However, combined with the higher permeability acquired by the membrane, it might lead to
product crossover, although the corresponding analysis is out of the scope of this study. We
must take account the effect of the temperature on the competing reaction, HER, too. Protons
are less likely to be affected by mass transport compared to HCO3 or CO3, thus an increase in
temperature should favor HER. Then, we can assume that increasing the temperature is
favourable for decreasing the Vcei but unfavourable for the electrochemical conversion of CO;
(FE) since less dissolved CO; and more HCO3™ and H* (HER promotors) will be available in the
reactor. However, we also must take into account the effect of the temperature in the kinetics
of the reaction and the diffusion of reactants. The increase of temperature promotes the
exchange current density and the diffusion constant and thus the reaction rate of CO; to
formate. Nevertheless, we must investigate if the increase in the kinetics of the reaction and
the decrease of the Vcenl is enough to overcome the drawbacks of decreasing the solubility of
CO; and increasing the rate of HCO3/CO; in the electrolyte. In this regard, the EE is a parameter
that can be used to evaluate the performance of each system since we can then compare both

the contributions of the temperature to the Vcen and the conversion of CO; (FE).

To properly evaluate the effect of temperature we performed electrolysis at 25, 40 and 60 °C
fixing the concentration of KHCO3 at 3 M and the flow rate at 5 mL min. As shown in Figure
5a, the FErormate decreases with the increase of temperature at CD below 100 mA cm™ (for
instance 58, 51 and 43% at 25, 40 and 60 °C respectively) confirming the mentioned effect of
the lack of dissolved CO; present, the increase in the solubility of KHCOs; and the HER
promotion at increased temperatures. After 100 mA cm?, the difference of the FEformate at 25
and 40 °C is not significant (44% at 300 mA cm™), but it still decreases at 60 °C (41% at 300 mA
cm?). At 40 °C the decrease in the concentration of dissolved CO; is compensated by the
improvement in the kinetics of the reaction and the diffusion when the CD is over 100 mA cm”

2. Below 100 mA cm, these improvements are not compensating for the lack of dissolved CO2
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present in the electrolyte. At CD higher than 100 mA cm?, the FEgormate is similar to 25 °C, in
contrast with 60 °C, where even at high CD the low solubility of CO; is more significant than
the increase in kinetics. Another observation is that the highest FErormate Obtained at 25 °Ciis at
50 mA cm? (58%), while at 40 and 60 °C it is at 100 mA cm™ (59 and 52% respectively),
confirming the improvement in the kinetics of the reaction when the temperature is increased
(the reaction is kinetically controlled at larger voltage). Interestingly, there is a slight shift in
the trend of FErormate at increased temperature when the CD is >200 mA cm™. This can be
caused by the change in the selectivity of the reaction. As mentioned before, at higher CD, CO
formation and HER are promoted, leading to a decrease in FErormate. This is an interesting effect
worth of study for following bicarbonate electrolysis evaluation. In this case and contrast with
the flow rate, the difference of the concentration of formate at the outlet catholyte with the
temperature appears to be solely dependent on the FE, as it follows the same trend (higher
FE, higher concentration). Since formic acid is not a very volatile compound at mild conditions
(boiling point 101 °C at 1 atm) there is not any special effect of applying 40 and 60 °C (Figure
5b).

If we take a look at the EE (Figure 5d), although the FErormate is lower, the system is more
efficient at converting CO; to formate at 40 and 60 °C when the CD is higher than 100 mA cm’
2 (13 and 14% EE at 300 mA cm™ at 40 and 60 °C respectively), due to the drastic decrease of
the Vcen induced to the system (from 5.7 at 25°C to 5.4 and 4.8 V at 300 mA cm™ at 40 and 60
°C respectively) and the decrease of the electrolyte resistivity (Figure 5c¢). However, the most
energy-efficient system was still at 25 °C, specifically when 50 mA cm™ were applied (27 %).
We can then conclude that the effect of increasing the temperature is beneficial when working
at a higher CD than 100 mA cm™, where the decrease in the Vcen has a huge impact on the EE
of the system. However, CD below 100 mA cmis still desired for achieving the highest EE. In
addition, taking into account that for the EE calculations we did not consider the energy
invested to heat up the system to the desired temperature (since it is a very variable parameter
that depends on the setup used) we can further conclude that there is no interest in increasing
the temperature if we want to achieve higher EE. This adds value to the technology as the best

performance is at room temperature, a very attractive parameter for upscaling the technology.
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Figure 5: FErormate (@), concentration of formate (b), Vcen (c) and EE (d) of the electrolysis of a
KHCO3 solution at 25, 40 and 60 °C. All the experiments were performed using a SnO/C

electrocatalyst and KHCO3 3 M at 5 mL min™,

3.4 Effects of the concentration of carbon load (bicarbonate)

To increase the FE towards CO;R products from KHCOs electrolytes it is desired to use as high
concentration of KHCOs as possible since then the highest amount of dissolved CO; will be
present (for instance 0.036 M CO; in KHCO3 3 M, comparable to saturated CO: solutions, 0.033
M).%* However, obtaining a 3 M KHCOs solution from direct air capture (DAC) or flue gas
capture using KOH solution as capturing agent is still unrealistic and ambitious from an
industrial point of view due to the low amount of CO; present in the air (415 ppm) and thus
the low concentrated KHCO3s solution obtained during the capturing step. For the experiments

performed in this study up to this section, the concentration of the solution of KHCO3 used as
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electrolyte was 3 M since the highest concentration of CO; dissolved can be achieved and it
was the state-of-the-art solution used in previous reports.?®3! However, KHCOs 3 M is an
oversaturated solution, thus unstable over time and unrealistic from a CO; capture technology
perspective. Additionally, oversaturated solutions might lead to salt precipitation. For this
reason, we electrolyzed unsaturated KHCOs solutions and compared them to the
oversaturated KHCOs3 3 M solution to evaluate if the zero-gap electrolyzer can still convert CO;
from less concentrated KHCOs solutions. To perform these experiments, we fixed the
temperature to 25 °C and the flow rate to 5 mL min™* and we used KHCOs; solutions of 1, 2 and
3 M as electrolytes. It is important to mention that, even though the initial concentration of
KHCOs3 used as catholyte is 1, 2 or 3 M, once inside the zero-gap electrolyzer the composition
of the catholyte in the electrode-membrane interface varies mainly due to the polarization of
the electrode and the water depletion occurring at the BPM.?83° The main scientific reasoning
says that higher concentration of bicarbonate increases the buffer strength of the catholyte,
and the protons delivered from the BPM are neutralized more efficiently, releasing more CO;
and decreasing HER. Nevertheless, a combination of dynamic modelling of the processes
undergoing in the electrode-membrane interface with experimental data of the analysis of the
inlet/outlet catholyte is needed to deliver a proper approach on the concentration of each
species in the electrolyzer. However, in this section we can compare the productivity and
energetic parameters of different inlet KHCO3 solutions by fixing the rest of operational

conditions (membrane, catalyst, flow rate and temperature).

The results in Figure 6a show how the FErormate decreases when the concentration of KHCOs
decreases, which was expected since less dissolved CO; and carbon donor (KHCOs) is present
in the electrolyte (0.036, 0.024 and 0.012 M CO; in KHCOs 3, 2 and 1 M respectively). For
instance, at 100 mA cm?, the FErormate goes from 58 to 41 and 33% when the concentration of
KHCOs is 3, 2 and 1 M, respectively. The trend of FErormate With the CD is the same for every
KHCO3 concentration used: there is an increase in the FEformate Up to 50 mA cm™ and then it
decreases (slowly in KHCO3; 3 M electrolytes) as the CD increases, forming a plateau from 300
mA cm? onwards when the concentration of KHCOs is 2 and 1 M. As shown, the FErormate When
using unsaturated KHCOs solutions is relatively high taking into consideration the low
concentration of dissolved CO; present, although the highest FErormate Obtained is still when

using oversaturated KHCOs solutions as electrolyte (as thus higher dissolved CO; present). For
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instance, 41% of FEformate at 50 MA cm™ when using KHCO; 1 M as an electrolyte is an
interesting result for upscaling technologies, taking into account that the amount of dissolved
CO; in a KHCO3 1 M solution is 0.012 M (three times less than a saturated CO; and KHCOs3
solution). This is likely caused by the proton donor ability of bicarbonate, less dominating when
the concentration is lower like 1 M. The changes in the concentration of formate at the outlet
catholyte with the different concentration of bicarbonate follow the same trend as the FE like
it happened in the case of the temperature (Figure 6b). Therefore, there is not a special role

of the initial concentration of KHCOs on the final concentration of formate, as expected.
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Figure 6: FErormate (a), concentration of formate (b), Vcen (c) and EE (d) of the electrolysis of
KHCO3 solutions of 1, 2 and 3 M. All the experiments were performed using a SnO,/C

electrocatalyst and at 5 mL min™ and 25 °C.
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The Vel also decreased when the concentration of KHCOs decreased (Figure 6¢). This effect is
better observed at high CD, as we previously explained when discussing the effects of the
flowrate (vide supra). However, in this case, there is another parameter to consider. As
observed, the Vcen is not directly linked to the FErormate like it did when the flow rate was
studied. For instance, from 50 mA cm™ onwards, the difference in the FErormate between the
three concentrations of KHCOs used remained similar (approximately 15% between 3 and 2 M
and 8% between 2 and 1 M) but the difference in the Vcen increases with the CD. This is because
KHCOs3 loses buffering effect as the concentration decreases, meaning that the acidification of
the catholyte by the depletion of H,0 in the BPM will decrease the local pH close to the surface
of the electrode and thus increase the concentration of H*, decreasing the overall Vcen. Even
though the Vcel decreases when the concentration of KHCO3 decreases (for instance 4.9, 5.3
and 5.9 V at 300 mA cm™ for KHCOs 1, 2 and 3 M respectively) and then we should expect an
increase in the EE of the process, the EE of the conversion of CO; is still higher as the
concentration of KHCOs is higher (Figure 6d). For instance, 15, 17 and 22% at 100 mA cm™ for
KHCOs 1, 2 and 3 M, respectively. Therefore, in this case, the increase in the FErormate has a
higher impact on the overall EE than the increase in Vcei. The most energy-efficient experiment,
27 %, was when using KHCOs 3 M at 50 mA cm since the FErormate Obtained is the highest
(58%) and the polarization of the electrode is not enough to increase the Vcen significantly (3.3,
3.4 and 3.5 V for KHCOs3 1, 2 and 3 M respectively). As an additional observation, salt
precipitation (a common drawback when using high concentrations of bicarbonate) was not
observed in any of the experiments performed, even when using oversaturated solutions (3
M). We attribute it to the acidification effect of BPM which converts bicarbonate to CO; in-situ
the electrolysis and controls the pH gradients during the reaction, giving extra value to the

technology.

4 Conclusions

Due to the necessity to reduce the costs of the overall CO; Capture and Conversion systems,
the attention is focused not only on the optimization of the CO; electrochemical reactors but
also on the capture and release of CO; to the electrochemical cell. Bicarbonate reduction,
which was declared inefficient and its applicability was in doubt, is starting to gain attention
since it is one of the most promising routes towards developing an efficient integrated CO;

capture and conversion system involving the electrochemical reduction of CO,. Thanks to the
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recent knowledge gained in reactor design and on the mechanism of bicarbonate reduction,
the process is now feasible at a lab scale and easier to be upscaled. In this manuscript, we have
displayed how different engineering aspects such as the inlet flow rate, the temperature of the
reactor or the concentration of bicarbonate, not yet evaluated for the current reactor used for
bicarbonate conversion (zero-gap electrolyzer involving a BPM as a separator) affect the
parameters often used to evaluate the performance of an eCO3R electrolyzer such as the CD,
the FE, the concentration of product formed, the Vcenand the EE. Overall, the most efficient
systems were found at low CD (10, 50 mA cm™), high flow rate (5 mL min), room temperature
and high KHCOs concentration (3 M), with a maximum EE of 27% (well comparable to
commonly reported EE in gas-fed CO; electrolyzers). Nevertheless, from a product processing
perspective, the most interesting system is found at a low flow rate (> 40 g L™! of formate were
produced at 0.5 mL min™). However, there is still room to improve the performance of the
bicarbonate electrolyzer. It is observed that the best performance was obtained at 5 mL min™,
then it is interesting to evaluate in further research the effect of higher flow rate, for instance
at 50 mL min't. On the other hand, one of the biggest reasons for the loss of EE of the system
is the increase of Vcen with the applied CD due to the use of BPM. Therefore, new and more
optimized BPM can be used to minimize the Ohmic drop which requires to be alert on the
research done on BPM technology, since it is a relatively new field of application for eCO2R
(few commercial BPM are currently available). Additionally, the decrease of Ohmic drop would
enable testing higher CDs (> 400 mA cm™) at lower Vcei. Other options for membranes have
been considered, however, the ability of BPM to maintain the pH gradients and product
crossover (in addition to the additional application of generating protons to produce CO; from
bicarbonate) makes the BPM the best choice for upscaling bicarbonate electrolyzers.>* Further
understanding of the effects of different parameters, such as the ones considered in our study,
on the ohmic and the charge transfer resistance of the reactor is still needed. For example,
elaborating a deep study including techniques such as Electrochemical Impedance
Spectroscopy will allow us to understand better how the flow rate and the retention of bubbles
affect the performance of the bicarbonate zero-gap electrolyzer. Another urgent approach we
are currently following is to target other carbon products which high valorization, such as
methanol or C; products, by testing Cu-based electrocatalyst, still unreported. Finally, the
electrocatalyst can be further optimized, especially focusing on its stability. The system’s EE

drops to 27 to 17% after 3 hours of reaction time (Figure S3) which is assumed because of the
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loss of catalyst activity, probably caused by the lack of binder material during the electrode

manufacturing (Figure S4).5°¢ Nonetheless the findings in this work show promising results

towards the implementation of fine-designed bicarbonate electrolyzers for the integrated

capture and conversion of COx.
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