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Electrochemical CO2 conversion is a promising technology for reducing industrial COz emissions. The conversion
of CO3 to formic acid (HCOOH) typically requires an intermediate acidolysis step when conventional CO:
electrolyzers produce formate. Developing reactors capable of directly producing HCOOH production could
significantly enhance the scalability of CO: electroreduction. This study evaluates and compares two reactor
configurations: (i) a three-compartment reactor and (ii) a two-compartment electrolyzer with a bipolar mem-
brane. In the three-compartment reactor, the effects of current density, CO: flow rate, and water content in the
CO;, gas feed are analyzed, thus they are scarcely explored yet. Under optimal conditions, a current density of
200 mA cm2, a CO:2 flow rate of 20 mL min™!, 0.5 g h™! of water content, HCOOH concentration of 125 g L with
57 % Faradaic Efficiency, and an energy consumption of 368 kWh kmol™ are achieved. In the two-compartment
electrolyzer, various catholyte solutions (0.1 M KCl and 0.5 M KHCOs) are tested to assess the impact of current
density and flow rate. The best results are obtained with 0.1 M KCl at a current density of 90 mA cm™ and a flow
rate of 0.15 mL min™! cm™2, producing 5.28 g L' of HCOOH with a Faradaic Efficiency of 62 %. However, energy
consumption is higher at 572 kWh kmol! due to the overpotential required for water dissociation in the bipolar
membrane. These findings demonstrate the potential of both reactor designs for advancing industrial CO2
electroreduction to HCOOH, with unique trade-offs between efficiency and energy consumption in each
configuration.

1. Introduction approach can be realized through various processes, including thermo-

chemical or mineralization processes [3], as well as photo-

Climate change is one of the most significant challenges faced by
society in the 21st century. It refers to the long-term alteration of climate
patterns and atmospheric temperatures. The extensive use of fossil fuels
for energy and other anthropogenic activities such as agriculture,
transportation, and industry, has led to a substantial increase in carbon
dioxide (CO3) emissions. Recently, atmospheric CO; concentration
surpassed the 425-ppm threshold [1], representing a 150 % increase
compared to preindustrial levels.

To address this issue, numerous approaches have been explored to
mitigate CO2 emissions. These include improving energy efficiency,
transitioning to renewable energy sources, and implementing carbon
capture and storage (CCS) or carbon capture and utilization (CCU)
technologies [2]. Among these, carbon valorization, which converts CO5
emissions into valuable carbon products, is particularly promising. This
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electrocatalytic [4], and electrochemical pathways [5].

Electrochemical CO: reduction is widely regarded as a promising
strategy from both environmental and economic perspectives. This
approach enables the storage of surplus renewable energy in chemical
bonds while generating valuable products. The specific products ob-
tained from CO: reduction depend on factors such as reaction medium,
applied voltage, and catalytic material [5]. The process involves
applying a potential difference between two electrodes, enabling the
transformation of CO: into reduced molecules with significant industrial
interest. The reduction reaction occurs at the cathode (working elec-
trode), while an oxidation reaction at the anode (counter-electrode)
provides the electrons needed for the cathodic half-reactions, ensuring
process functionality [6].

To prevent reduced products from diffusing to the anode, where they
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might be reoxidized, an ion exchange membrane is typically placed
between the electrodes. This membrane separates the reduction and
oxidation reactions while allowing the transfer of specific charged
species.

Formic acid (HCOOH) and formate (HCOO’) are two key CO,
reduction products with significant industrial relevance. They serve as
precursors for high-value products and raw materials for fuel cell ap-
plications. Common industrial uses include silage preservation, animal
feed additives, textile finishing, antifreeze agents, and intermediates in
the chemical and pharmaceutical industries [7,8]. Formic acid is
particularly attractive due to its unique role in many applications.
Global demand for HCOOH is expected to rise significantly, from 750,
000 tons in 2021 to 1300,000 tons by 2035, driven by advancements in
emerging technologies [9].

The configuration of the electrochemical reactor plays a critical role
in the efficient electrochemical reduction of CO2 to HCOOH and HCOO'.
Reactors can operate in batch [10,11], semi-batch [12] or continuous
operation mode [13]. Among these, filter press-type or flow cell reactors
are the most studied, with two-compartment and three-compartment
designs being the most common [14]. While two-compartment re-
actors have been extensively researched [15-19], three-compartment
reactors represent a novel and evolving approach [20-23]. On one
hand, two-compartment reactors with an MEA configuration achieve
higher product concentrations (in this case, formate) and lower cell
potential due to the shorter distance between electrodes, which reduces
ohmic resistance [24]. However, the stability of these systems presents a
significant challenge, as electrode deactivation occurs within a few
hours of operation due to phenomena such as salt deposition or elec-
trode flooding [25,26]. On the other hand, three-compartment reactors
can directly produce formic acid, eliminating the need for an interme-
diate acidolysis step [27], and have shown excellent stability, as cation
migration and salt precipitation are prevented by the use of an AEM
adjacent to the cathode [28]. However, their main drawbacks include
operational and construction complexity due to their internal structure,
in which the ion-exchange resin plays a crucial role, making scaling up
more challenging.

In two-compartment reactors (Fig. 1), components such as elec-
trodes, current collectors, separators, flow distributors, and housings
create distinct cathodic and anodic compartments separated by an ion
exchange membrane. This membrane may be cationic (CEM), anionic
(AEM), or bipolar (BPM).

CEMs, composed of polymeric materials containing sulfonic, phos-
phoric, or sulfonamide groups, are the most commonly reported mem-
branes in CO, electroreduction (ERCO,) studies [14]. Nafion
membranes, in particular, are valued for their selective cation transport
capabilities [30-32]. In ERCO2, CEMs concentrate products in the
cathode’s output stream by limiting HCOO~ anion migration to the
anode, thereby minimizing product reoxidation [33]. However, at high
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product concentrations, some diffusion to the anodic compartment can
occur, reducing selectivity [34].

AEMs, which permit anion passage due to their positively charged
polymer structure, are another option. Commonly used AEMs include
those from manufacturers like Fumatech [35,36], Selemion [37,38], and
Sustainion [39,40]. While AEMs enable high current densities due to
alkaline electrolyte conductivity [38,41], they also risk HCOO- diffu-
sion, potentially causing re-oxidation at the anode [42].

In recent years, only a few dozen articles have reported the direct
production of HCOOH through the electroreduction of CO2. Among
these, a significant number focus on developing catalysts using density
functional theory and validating their effectiveness in batch-type H cells
[43,18,44,39,45-47]. However, very few studies address the continuous
conversion of CO2 to HCOO- in flow cells [48,49]. In this context, two
main approaches have been explored: (i) using acidic electrolytes to
achieve an acidic product stream [50,51], and (ii) employing
three-compartment reactors, where formic acid is collected in a central
compartment based on a solid electrolyte [13,28,23]. This work in-
vestigates and compares both approaches with previously utilized
reactor configurations, by utilizing a flow cell with a BPM and a
three-compartment reactor.

On the one hand, BPMs, consisting of cation-selective and anion-
selective layers, offer improved process efficiency by facilitating water
dissociation into hydroxyl ions, which migrate to the anode and cathode
[52]. BMPs allow for direct HCOOH production at the reactor outlet
[53], although they require higher energy inputs due to the water
dissociation overpotentials.

On the other hand, three-compartment reactors represent one of the
most innovative configurations in ERCO2. These reactors include a
central compartment separated from the cathodic and anodic compart-
ments by an anion membrane and a cation membrane, respectively
(Fig. 2). This design enables the direct production of HCOOH in the
central compartment. Commonly used membranes include Nafion for
the cationic layer and Sustainion for the anionic layer [13]. The inclu-
sion of solid electrolyte materials or ion-exchange resins in the central
compartment enhances ionic conductivity. Since deionized water is
typically used to maximize product purity, its low conductivity neces-
sitates the addition of a conductive material to maintain adequate ionic
transport. Ion exchange resins ensure stable conductivity within the
central compartment and help keep cell voltages low [54].

The use of both membranes minimizes carbonate and bicarbonate
precipitation on the cathode, ensuring system stability [55]. Although
this configuration has demonstrated continuous operation for over 1000
h at the laboratory scale, scalability remains a challenge [28].

Despite significant advances in ERCO: to formate, particularly in the
selection of highly selective catalyst [7,56,57], electrode configuration
[58,59,30], and optimization of operating variables such as electrolyte
composition [57,60,61], the direct production of HCOOH on a larger
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Fig. 1. Scheme of a two-compartment filter-press reactor. Adapted with permission from [29].
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Fig. 2. Three-compartment configuration scheme, illustrating reactions and ion transfer. Adapted with permission from [28].

scale remains limited. Most studies focus on the production of HCOO™ in
its anionic form, which requires an intermediate acidolysis step to
convert it into HCOOH. This additional step increases both process
complexity and costs, creating a significant barrier to industrial
implementation.

Although some studies, such as those mentioned earlier, have pro-
posed approaches for directly obtaining HCOOH and achieved note-
worthy progress, there remains a critical gap. To the best of the authors’
knowledge, no studies have specifically evaluated various reactor con-
figurations while simultaneously examining the influence of key oper-
ational variables.

In this regard, this work explores and compares two alternatives: (i) a
three-compartment reactor design, which requires further optimization
of variables such as water flow rate in the CO gas feed, current density,
and CO; flow rate; and (ii) the integration of a BPM in a filter-press
reactor to acidify the cathodic product stream, enabling direct
HCOOH production. Advancing these configurations could represent a
significant step toward the industrial scalability of ERCO= for HCOOH
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production, paving the way for efficient CO2 recycling in industrial
settings.

2. Methodology
2.1. Preparation of electrodes for CO; electroreduction

The cathode is a GDE consisting of a carbon support and a catalyst
layer (CL) combined with a carbon substrate (MPL) (Fig. 3.a) The carbon
support is a 50 % Teflon-coated Toray carbon paper (AvCarb MGL 190 —
50wt % PTFE-treated, Fuelcell). The catalytic ink contains 150 mg each
of Vulcan XC-72 R and bismuth oxide nanoparticles (BixOs, particle size
90-210 nm, Sigma-Aldrich), 375 mg of PTFE (polytetrafluoroethylene
preparation, 60 wt % dispersion in H20, Sigma-Aldrich), and 1.285 mg
of Nafion dispersion (Nafion d-521 dispersion, 5 wt % in water and 1-
propanol, with an exchange capacity of > 0.92 meq-g™!). This mixture
is diluted in 25 g of ethanol (Ethanol, 96 % v/v pure, pharmaceutical
grade, PanReac AppliChem) and spray-coated onto the carbon paper,
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Fig. 3. Schematic of a) GDE used as the cathode, and b) Ni Foam employed as the anode for BPM reactor.
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achieving a catalyst loading of 4.0 mg cm™2 after thermal treatment at 80
°C for 30 min (Digitronic oven, J. P. Selecta). Before use, the electrode is
activated by immersion in a 1 M KOH solution for 1 hour and air-dried
[13].

For the three-compartment reactor, the anode is a particulate elec-
trode comprising a carbon-based support and a catalytic ink. The carbon
support comprises 5 % Teflon-coated Toray carbon paper (TGP-H-60).
The catalytic ink contains iridium oxide (IrO2) nanoparticles, Nafion
(Nafion d-521 Dispersion, 5 % w/w in water and 1-propanol, with an
exchange capacity of > 0.92 meq-g™), and deionized water (MILI-Q),
diluted with 1-propanol for deposition. After 30 min of ultrasonic son-
ication, the ink is spray-coated onto the carbon paper, achieving a
catalyst loading of 1.0 mg cm™, and thermally treated at 80 °C.

In the case of the BPM two compartment reactor, the anode is made
of 3D nickel foam (Goodfellow), providing a high surface area to
enhance the oxygen evolution reaction (OER) (Fig. 3.b).

2.2. Electrolyzer configurations

This study evaluates reactor configurations for the direct electro-
reduction of CO, to HCOOH, aiming to identify scalable systems with
optimal performance. Two reactor configurations are evaluated: (i)
three-compartment reactor: this reactor operates with a gaseous CO2
feed without a liquid catholyte. Reaction products are collected in the
central compartment, which is maintained under a continuous deionized
water flow; (ii) two-compartment bipolar membrane reactor: this
reactor uses a BPM to dissociate water into H* and OH- ions, with a
liquid catholyte to facilitate the reaction.

2.3. Three-compartment reactor

A commercial three-compartment reactor (Dioxide Materials) is
used, featuring a gas diffusion electrode (GDE) with a 5 cm? area serving
as the cathode. The reactor has cathodic, anodic, and central compart-
ments separated by ion exchange membranes (Fig. 4). A Sustainion AEM
separates the cathodic and central compartments, while a Nafion 324
CEM separates the anodic compartment and central compartments. The
central compartment contains ion exchange resins (Amberlite® IR120,
hydrogen form, Sigma Aldrich) to facilitate the reaction between HCOO"
anions from the cathode and the protons from the anode.

The cathodic compartment is fed with a humified CO5 stream, with
the water content controlled using a Vapour Delivery Module (VDM,
Bronkhost High-Tech B.V). The CO: flow rate is varied between 20 and
60 mL min™', while the water content ranges from 0.2 to 3 g h™'. The
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experimental variables analyzed, CO, flow rate, water content in the
CO; feed, and current density affecting the ERCO2 performance, are
summarized in Table 1. The VDM operates at 60 °C to ensure that the
water content in the CO: feed does not condense before reaching the
reactor inlet.

Pure Milli-Q water is supplied to the anode at a constant flow rate of
3 mL min™', while the central compartment receives 0.065 mL min’,
following the setup used in previous work with the same reactor
configuration [28]. Electrolytes are delivered using two peristaltic
pumps: a micropump (HF-LabN3-III, HygiaFlex) for low flow rates and a
standard pump (Watson Marlow 320, Watson Marlow Pumps Group) for
higher flow rates.

Current densities of 45-200 mA cm are applied during galvano-
static operation using a programmable power supply (Programmable
Power Supply, MP711009, 30 V, 5A, Multicomp PRO) A schematic
representation of the experimental setup is in Figure S1 of the Sup-
porting Information.

2.4. Two-compartment BPM reactor

A commercial filter-press electrochemical reactor (A/S ElectroCell)
with a 10 cm? geometric area is adapted for a BPM configuration.

The cathode and anode compartments are separated by a BPM
(Fumasep FBM-PK), with the cationic side oriented toward the cathode,
as shown in Fig. 5. The anolyte is 1 M KOH solution (Potassium hy-
droxide, 85 % purity, pharmaceutical grade, PanReac AppliChem),

Table 1
Experimental conditions for the three-compartment electrolyzer.

CO, flow Water content in Current
rate (mL CO,, feed (g hhH density (mA
min!) cm?)

Central compartment flow
rate (mL min’ cm'z)

20 0.2
0.5
1.5
3

40 0.2
0.5
1.5
3

60 0.2
0.5
1.5
3

45,90,and 200  0.013

=

HCOOH

CO, +H,0
CO, +H,0

MILI-Q Water
10 11 12

Fig. 4. Schematic of the three-compartment filter-press reactor by Dioxide Materials. 1 and 12) frames; 2) anode; 3, 5, 8, 10) gaskets; 4) Nafion® 324 membrane; 6)
central compartment flow distributor; 7) ion exchange resins (Amberlite® IR120); 9) Sustainion membrane; 11) cathode.
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Fig. 5. Schematic representation of the two-compartment filter-press reactor with a bipolar membrane. 1 and 16) frames; 3, 9, 14) flow distributors; 4 and 12)
current collectors; 5) anode; 2, 6, 8, 10, 13, 15) gaskets; 7) Fumasep bipolar membrane; 11) cathode.

while the catholyte is either 0.1 M KCI (Potassium chloride, pharma-
ceutical grade, PanReac AppliChem) or 0.5 M KHCOs (Potassium bi-
carbonate, pharmaceutical grade, PanReac AppliChem) to evaluate ion
effects and conductivity.

CO: is introduced at 200 mL min~?!, with a water flow rate of 1.5 g ht,
based on previous works that used this CO, feed [62]. A schematic
representation of the experimental setup is shown in Figure S2 of the
Supplementary Information.

The experimental conditions, including variations in catholyte
composition, flow rate, and current density, are summarized in Table 2.

Liquid samples are collected every 20 min during 1-hour experi-
ments. Formate/formic acid concentrations are determined by ion
chromatography (Dionex ICS 1100) using an AS9-HC column with a 4.5
mM sodium carbonate eluent at 1 mL min™. Each experiment is repli-
cated at least twice to ensure that the variability does not exceed 10 % of
the Standard Relative Deviation (SRD).

Performance is evaluated regarding Faradaic Efficiency (FE),
HCOOH production rate, energy consumption (EC), and single-pass
conversion efficiency (SPCE). Detailed calculation methods are pro-
vided in the Supporting Information.

3. Results
3.1. Performance analysis of the three-compartment reactor

The performance of the three-compartment reactor is assessed under
continuous operation using the experimental set-up and experimental
conditions described in the previous section of the methodology.
Detailed results of the different experiments are presented in Tables S1-
S3 in the Supporting Information.

Table 2
Experimental conditions for the BPM electrolyzer.
Catholyte Anolyte CO, flowrate Current
(mL min™) density (mA
cm?)
Composition Flow rate
(mL min’l)
0.1 M KCl 0.7 1 M KOH, 5.7 200(1.5¢g ht 45, 90 and 200
1.5 mL min’! of Hy0)
5.7
0.5M 0.7
KHCO3 1.5

5.7

Preliminary experiments with CO, feed rates of 20 and 60 mL min™

show no significant impact on performance, as illustrated in Fig. 6.
Therefore, subsequent experiments use a constant CO» feed flow rate of
20 mL min’’.

The effects of j (45, 90, and 200 mA cm~2) and water vapor flow rates
(0.2, 0.5, 1.5, and 3 g h™'), on HCOOH production are investigated
(Fig. 7). Results demonstrate that HCOOH concentration and FE are
significantly influenced by variations in j and water content. At 45 mA
cm?, the highest concentration and FE (45.4 g L' and 92 %, respec-
tively) are achieved under a CO: feed condition with 0.2 g-h™' water
vapor. As expected, increasing the water content reduces HCOOH con-
centration, reaching 39.3 g 1! at 1.5 g h™?, with a FE of 80 %. Interest-
ingly, at a flow rate of 3 g h™!, a slight increase to 39.73 g L™! is observed,
though the FE remains at 80 %. This deviation is attributed to over-
pressure sensitivity in the central compartment’s flow rate (0.013 mL
min~! cm™), impacting production rates.

At j of 200 mA cm™, the highest HCOOH production of 142.5 g L!
and FE of 65 % are obtained with 0.2 g h™' water vapor. As with lower
current density, increasing water flow rates lead to decreased HCOOH
concentrations (120-125 g 1'1) and reduced FE (58-55 %) for water
contents above 0.5 g h'! in the CO, gas feed.

Energy consumption and HCOOH formation rates as functions of j
and water vapor flow rates are shown in Fig. 8. At j 45 mA cm™, energy
consumption ranges from 170 to 202 kWh kmol™!, with the highest ef-
ficiency observed at 0.2 g h™'. At this flow rate, energy consumption is
only 170 kWh kmol™, and the production rate is 2.14 mmol m™2 s™'.
Higher water flow rates increase energy consumption (e.g., 200 kWh
kmol™ at 3 g h™') and reduce production rates (e.g., 1.87 mmol m=2s™).

At j 200 mA cm™2, energy consumption significantly increases (323
—382 kWh kmol "), while production rates vary from 6.72 to 5.67 mmol
m2 s! across water vapor flow rates of 0.2-3 g h'l.

The results reveal that the water content in the CO: feed stream
critically influences reactor performance. Increasing water content leads
to marked declines in HCOOH production efficiency. Specifically,
HCOOH concentration decreases from 87.8 g L™! to 59.3 g L™! as water
vapor flow rate increases from 0.2 to 3 g h™*, while FE declines from 88
% to 60 %. These effects are attributed to product dilution and the
promotion of the hydrogen evolution reaction (HER), which competes
with CO:z reduction under high humidity conditions, reducing HCOOH
selectivity [24]. Moreover, it is worth highlighting the SPCE values
obtained for this reactor, which demonstrated exceptional performance,
achieving CO:z conversion efficiencies exceeding 27 % in a single pass
when operating with an inlet CO- feed containing 0.2 g h™! of water at a
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Fig. 6. Three-compartment electrolyzer performance comparison for operation at different CO, inlet flow rates and water content in the inlet at 90 mA cm™.
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Fig. 7. HCOOH production in terms of concentration and FE in the three-
compartment reactor as a function of j and water content in the feed CO,
stream, with a fixed CO, feed flow rate of 20 ml min™.

current density of 90 mA cm™2 (Table S2). As presented in the Supporting
Information, SPCE is primarily influenced by the CO: flow rate. How-
ever, other parameters, such as water content, also play a significant
role. An increase in humidity in the CO: feed results in a lower SPCE, as
it simultaneously reduces the FE toward formate formation.

At high j (200 mA cm™2), bubble formation is observed in the central
compartment’s outlet stream. This is attributed to the decomposition of
carbonate ions (CO3") transported from the cathodic compartment to
the central compartment, where acidic conditions convert them into
CO, [13].

The results of this study demonstrate that process performance
strongly depends on j, water vapor content, and operational parameters.
While higher j significantly enhances HCOOH production rates and
concentrations (increasing by approximately 225 % when j is raised
from 45 to 200 mA cm-2), they also result in substantially higher energy
consumption, with increases of up to 100 % observed over the same
range. Additionally, increased water vapor content in the CO: feed
stream adversely affects HCOOH concentration and FE, highlighting the
need to balance production efficiency with energy consumption. These
findings underscore the critical role of optimizing water vapor content
and current density in the design and operation of three-compartment
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Fig. 8. Energy consumption and HCOOH rate in the three-compartment reactor
as a function of j and water content in the feed CO, stream, with a fixed CO,
feed flow rate of 20 ml min™.

reactors for ERCO2 to HCOOH.

3.2. Two vs. three-compartment gas phase operation

In this section, the performance of the three-reactor compartment
presented in this work is compared with previously obtained results
from two-compartment reactor similar experimental systems, enabling a
rigorous comparison. The two-compartment reactor employs a Bi-GDE
in a membrane electrode assembly (MEA) configuration with a Nafion
117 membrane, as described by Diaz-Sainz et al. [24]. In this setup, the
cathodic compartment is fed with humidified CO:, enabling direct
comparison with the three-compartment electrolyzer evaluated in this
study.

Fig. 9.a highlights the differences in HCOOH/HCOO" production
between the two reactor configurations, evaluated in terms of produc-
tion rate and FE. The three-compartment reactor demonstrates superior
product formation rates at all j, with the difference becoming more
pronounced as the j increases. At a j of 200 mA cm™, the three-
compartment reactor achieves a formation rate of 5.88 mmol m™2 s7%,
128 % higher than the 2.57 mmol m™ s achieved by the two-
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Fig. 9. a) Comparison of the results obtained for production rate and FE in this study with a two-compartment gas phase electrochemical cell [24], b) Comparison of
the results obtained for EC this study with a two-compartment gas phase electrochemical cell [24].

compartment reactor.

Following this behaviour, the FE is consistently better for the three-
compartment reactor, with the gap widening at higher j. In the case of 45
mA cm™, the three-compartment reactor achieves an FE of 84 %,
compared to 71 % for the two-compartment reactor. When working at
90 mA cm2, the FE is 76 % for the three-compartment reactor and 41 %
for the two-compartment reactor. The largest difference is observed at
200 mA cm2, where the three-compartment reactor achieves an FE of 57
%, more than double the 25 % obtained by the two-compartment
reactor.

Fig. 9.b compares the performance in terms of EC. The three-
compartment reactor exhibits a significant advantage due to its lower
cell potentials and higher efficiency. For a 200 mA cm™ j, it consumes
368 kWh kmol', representing a 48 % reduction compared to the 709
kWh kmol™ recorded for the two-compartment reactor. Notably, the
three-compartment reactor’s EC at 200 mA cm™2 is lower than the two-
compartment reactor’s EC at 90 mA cm (409 kWh kmol ™). The energy
efficiency of the three-compartment reactor is a critical advantage for
industrial-scale implementation, as it leads to lower operational costs
and a smaller carbon footprint. These benefits could be further enhanced
by integrating renewable energy sources [8].

Another key difference lies in the nature of the product. The two-
compartment reactor outputs HCOO-, whereas the three-compartment
reactor directly produces HCOOH, which is more valuable for indus-
trial applications. The direct production of HCOOH eliminates the need
for acidification, reducing reagent costs, minimizing the carbon foot-
print associated with acidolysis, and avoiding the generation of unde-
sirable by products.

3.3. Performance analysis of the BPM electrolyzer

The BPM reactor is designed based on a two-compartment reactor,
incorporating a BPM in reverse bias orientation, allowing for the
dissociation of the water molecule into protons and hydroxide ions. To
ensure BPM wetting and prevent the occurrence of high local over-
potentials that could compromise the membrane stability, the reactor
operates with a liquid catholyte. The reactor configuration and oper-
ating procedures are based on a setup previously used with a Nafion
membrane [63]. The effect of varying catholyte ionic composition,
concentration, and conductivity is evaluated to determine their impact
on system performance. Detailed experimental results are presented in
Tables S4 and S5 in the Supporting Information.

3.4. Use of different catholyte compositions

The performance of the BPM electrolyzer is assessed using different
catholytes to maximize HCOOH production. Initially, 0.1 M KCl is
employed as the catholyte, targeting the generation of an acidic product
stream with a pH of approximately 3, indicating the direct production of
HCOOH. This value is selected as the reference since the direct CO-
electroreduction to formic acid occurs at pH values lower than the pKa
of formic acid (3.77) [64].

Fig. 10a presents the concentration and FE of HCOOH at various flow
rates (Qc/A) and current densities using 0.1 M KCl in the cathodic
compartment. The highest concentration, 7.74 g L' is achieved at a Qc/
A of 0.07 mL min~! cm2, with an FE of 84 %, with a 45 mA cm™ . At the
same j, lower concentrations of 0.92 g L' and 2.71 g L' are recorded at
Qc/A values of 0.57 mL min ecm~2and 0.15 mL min~' cm™?, respectively,
with FEs of 82 % and 63 %. Increasing the j to 90 mA cm™2 resulted in
higher HCOOH concentrations, reaching 10.01 g L' at Qc/A of 0.07 mL
min~! e¢m™, while concentrations of 5.28 g L' and 1.95 g L' are
observed at Qc/values of 0.15 and 0.57 mL min™! cm™2, respectively.

Fig. 10b illustrates the production rates and EC at different condi-
tions using 0.1 M KCl in the cathodic compartment. At a j of 45 mA cm™
and Qc/A of 0.07 mL min™, the highest formation rate, 1.96 mmol s
m~ is achieved, albeit with a high EC of 340 kWh kmol™. At 90 mA
cm™?, the maximum formation rate occurred at a Qc/A of 0.57 mL min™*
cm~2, with an EC of 382 kWh kmol.

As shown in Fig. 10, increasing the j consistently enhances HCOOH
production. However, FE decreases slightly at higher j, except for the
case of 0.07 mL min~' cm=2, where FE drops from 84 % at 45 mA ¢cm™ to
54 % at 90 mA cm>. The production rate increases with j, rising from
1.47 mmol s m2 to 2.87 mmol s™' m2ata Qc/A of 0.15 mL min~! cm™2.
However, energy consumption increases substantially, with a rise of
nearly 180 % at a Qc/A of 0.07 mL min™ cm™.

The Qc/A also significantly influences the process. Lower flow rates
increase HCOOH concentration by up to 570 %, due to reduced product
dilution. However, reduced flow rates result in lower FE, slower pro-
duction rates, and increased cell voltages, likely due to thinning of the
liquid film over the membrane, leading to a drier environment and
higher EC. At 90 mA cm™ and a Qc/A of 0.07 mL min™' cm™2, the EC
reaches 610 kWh kmol™.

The BPM itself contributed to increased cell voltage, limiting oper-
ation to current densities below 100 mA cm™. To address these limita-
tions, a more concentrated catholyte (0.5 M KHCOs) is tested to reduce
cell potential. Three flow rates are evaluated for each current density
point: 0.57, 0.15, and 0.07 mL min™! cm™2.
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Fig. 10. a) HCOOH production in terms of concentration and FE, and b) HCOOH production rate and CE in the BPM electrolyzer membrane using 0.1 M KCl in the

cathodic compartment as a function of current density and catholyte flow rate.

At a j of 45 mA cm™ and a Qc/A of 0.57 mL min™' cm™2, a concen-
tration of 1.02 g L' and an FE of 90 % are achieved. Higher concen-
trations of 3.94 g L ™! and 5.27 g L! are observed at Qc/A values of 0.15
mL min~ cm™ and 0.07 mL min~' ecm™2, respectively, with corresponding
FEs of 91 % and 58 % (Fig. 11a).

When working at 90 mA cm>, higher HCOO- concentrations are
achieved: 1.89 g L™ at Qc/A values of 0.57 and 7.9 g 1"} at 0.15 mL min™'
cm2 However, reducing the flow rate to 0.07 mL min™ ¢m2 slightly
decreases the concentration to 7.81 g L™! due to increased cell potential.
On the other hand, for j of 200 mA cm™2, production is feasible only with
a Qc/A of 0.57 mL min~' cm™2, yielding a concentration of 3.03 g L ™! and
an FE of 60 %. However, EC remained high, exceeding 764 kWh kmol™'.

A comparison of 0.1 M KCl and 0.5 M KHCO:s revealed similar per-
formance at lower j. However, only 0.5 M KHCOs supported operation at
200 mA cm2, The effluent pH (6-7) from 0.5 M KHCOs produces HCOO-
instead of HCOOH, reducing its economic appeal. Conversely, 0.1 M KCl
directly produced HCOOH with a pH of ~3, making it the preferred
electrolyte despite its limitations at current densities above 100 mA
cm2 Furthermore, when evaluating the SPCE for both catholyte com-
positions (Tables S4 and S5), comparable values are obtained, ranging
between 1 % and 2.5 %. Despite this similarity, the SPCE remains
relatively low, primarily due to the operation with an excess CO: in the
two-compartment reactor.
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3.5. CEM vs. BPM liquid phase electrolyzer

This section analyzes and compares the performance of two reactor
configurations in producing HCOOH and HCOO~ during the ERCO:
process. Fig. 12 compares the concentration of HCOOH/HCOO" and the
EC in a two-compartment reactor using a BPM with 0.1 M KCl as the
catholyte, against results from a previous study that employed 0.5 M KCl
-+ 0.45 M KHCO:s as the catholyte solution, employing a Nafion 117 as
CEM [63].

Before discussing the results, it is important to highlight that while
Diaz-Sainz et al. [63] focus on the production of HCOO-, the present
study achieves the direct production of HCOOH. Regarding process
performance, Diaz-Sainz et al. [63] report higher efficiency. For a j of 90
mA cm™ and a Qc/A of 0.57 mL min™ cm™2, Diaz-Sainz et al. achieve a
concentration of 2.04 g L™! with an EC of 177 kWh-kmol™'. In contrast,
this study achieves a similar concentration of 1.95 g L™ but with a
significantly higher EC of 364 kWh kmol™! when using 0.1 M KCl. This
disparity in EC is attributed to Diaz-Sainz et al.’s reactor [63], due to the
additional overpotential introduced by the BPM.

Under the same j (90 mA cm™2) but with a reduced Qc/A of 0.15 mL
min~' cm?, Diaz-Sainz et al. report a concentration of 7.51 g L™! and an
EC of 186 kWh-kmol™. In comparison, the two-compartment BPM
reactor in this study achieves a concentration of 5.28 g L with an EC of
572 kWh-kmol'. These results demonstrate the superior performance of
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Fig. 11. a) Production in terms of concentration and FE, b) Production rate and energy consumption in the two-compartment reactor with a BPM using 0.5 M KHCO3

in the cathodic compartment as a function of j and the catholyte flow rate.
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Fig. 12. Comparison of the results in terms of HCOOH/HCOO" concentration
and EC in the two-compartment reactor with a bipolar membrane and 0.1 M
KCl as liquid catholyte, compared to the study by Diaz-Sainz et al., [63].

Diaz-Sainz et al.’s process, both in terms of product concentration and
energy efficiency.

Despite these differences, the BPM reactor offers a key advantage: it
can directly produce HCOOH, a more valuable product than HCOO".
Directly producing HCOOH eliminates the need for an acidolysis step,
avoiding additional reagent costs, the carbon footprint of acidolysis
reagents, and undesirable byproduct generation. While the BPM reactor
currently exhibits higher energy consumption, its ability to produce
HCOOH makes it a promising approach for industrial-scale applications.

In conclusion, the tests performed with the two-compartment reactor
with a BPM represent a valuable starting point for the direct production
of HCOOH. Further optimization is necessary to reduce energy con-
sumption and improve overall process efficiency. However, the potential
economic and environmental benefits of HCOOH production justify
continued research in this direction.

When comparing the performance of the two CO: electrolyzer con-
figurations, it is essential to consider not only the performance but also
the reaction mechanism occurring in each system, as they exhibit dif-
ferences. In the three-compartment reactor, the reaction environment
remains neutral, leading to the electrochemical reduction of CO:z to
formate ions (Eq. (1)). These ions then combine with protons to form
formic acid in the central compartment. Conversely, in the two-
compartment reactor, the BPM facilitates the supply of protons to the
cathodic compartment, creating an acidic reaction environment. In this
case, rather than water molecules participating in the reaction, the
protons generated from water dissociation act as the primary proton
source. This results in the direct formation of formic acid at the cathode,
as described in Eq. (2).

CO; + H,0 + 2e- -HCOO™ + OH™ (€D)]

CO, +2H" + 2e- -HCOOH 2)

Each reactor configuration presents distinct challenges. In the case of
the three-compartment reactor, the central compartment represents the
most critical element for successful scaling. Given that this compartment
consists of ion-exchange resins, ensuring their homogeneous distribu-
tion is essential to prevent localized flow blockages of deionized water
or the formation of overpressures, both of which could compromise the
overall reactor performance. Additionally, increasing the active elec-
trode area may result in higher bubble generation within the central
compartment due to byproduct formation (Hz or CO). The accumulation
of these gaseous species could lead to an increase in electrical resistance
to ion transport, a key factor in maintaining low cell potentials.

In contrast, the two-compartment BPM reactor offers a potentially
more straightforward scaling process due to its simpler configuration.
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However, its scaling challenges include achieving a uniform CO2 dis-
tribution across the gas diffusion electrode and maintaining the wetta-
bility of the BPM membrane to prevent degradation or functional
impairments.

4. Conclusion

The primary objective of this study is successfully achieved,
demonstrating the direct production of HCOOH with two novel reactor
configurations. Among these, the three-compartment reactor yields the
most promising results, positioning this technology as a strong candidate
for industrial-scale implementation of ERCO2. An in-depth analysis
evaluates the effects of various operational parameters, including cur-
rent density, CO: flow rate, and water content in the CO, feed, on pro-
cess performance.

For the three-compartment reactor, optimal conditions are identi-
fied, revealing that HCOOH production increases with higher current
densities and lower vapor flow rates. These findings highlight the
importance of optimizing water content in the CO; feed and current
density in the design and operation of three-compartment reactors for
the electroreduction of CO2 to HCOOH. In contrast, the CO2 flow rate
shows minimal influence on process efficiency. Operating at a current
density of 200 mA cm2, with a CO2 flow rate of 20 mL min~' and a water
content of 0.5 g h™', the reactor achieves an impressive HCOOH con-
centration of 125 g L™! with an energy consumption of 368 kWh kmol-.
These results underscore the reactor’s potential for energy-efficient
ERCO: at an industrial scale.

A two-compartment reactor with a bipolar membrane is then
developed and tested under various electrolytes and operating condi-
tions. The results show that 0.5 M KHCO:s is unsuitable as it promotes
formate formation due to its neutral pH. Conversely, a 0.1 M KCl solu-
tion proves effective for HCOOH production, except at high j, where
elevated cell potentials reduce efficiency. Under optimal conditions, the
reactor achieves an HCOOH concentration of 5.28 g L' with an energy
consumption of 572 kWh kmol!, operating at 90 mA cm™2 with a Qc/A
of 0.15 mL min~* cm™2.

To enhance the evaluated processes, several improvements are sug-
gested for the two-compartment reactor with a bipolar membrane,
including exploring alternative electrolytes to improve energy effi-
ciency. Additionally, using advanced bipolar membranes further de-
creases cell potentials and energy consumption.

Both configurations demonstrate strong potential as viable pathways
for the direct production of HCOOH via ERCOz, showing similar or even
improved performances as previously evaluated ERCO; top formate
electrolyzers, with further optimization paving the way for their in-
dustrial application.
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