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ABSTRACT: The electrochemical reduction of CO2 to formic
acid is a promising route for decarbonizing the conventional
industrial production of formic acid. Among the three most
successful electrolyzers, the zero−gap (ZG) design stands out for
its low cell complexity, making it particularly attractive for scalable
applications. However, the low product concentration at the
reactor outlet increases the cost of downstream purification
processes, penalizing the ZG electrolyzer. This study addresses
this technical challenge by using a ZG electrolyzer with an anionic
exchange membrane (AEM) configuration, incorporating a
PiperION AEM, a Bi2O3−coated gas diffusion electrode (GDE)
as the cathode, and either a nickel mesh or IrO2−coated GDE as the anode electrode. Surprisingly, the nickel mesh outperformed
the IrO2−coated GDE across the studied key performance indicators (KPs). At current densities of 50 and 100 mA cm−2, the cell
operated with faradaic efficiencies ranging from 94.24 to 75.50%, low energy consumption values between 2.69 and 4.63 kWh
kg−1

formate, and achieved the highest reported formate concentration (0.555 M) for a ZG cell design with an AEM configuration.
Techno−economic analysis indicates a promising outlook for scalability using the presented ZG electrolyzer configuration with the
nickel mesh.
KEYWORDS: CO2 electroreduction, CO2 utilization, formate production, zero−gap electrolyzer, anion exchange membrane,
nickel catalyst

1. INTRODUCTION
Since the start of the Industrial Revolution in the mid−18th
century, global atmospheric carbon dioxide (CO2) levels have
increased by over 50%.1 Climate change, triggered by high
CO2 concentration in the atmosphere, threatens the environ-
ment while straining the global economy and human society.
Among the sectors targeted for decarbonization, the industrial
sector is particularly significant, especially due to its potential
for integrating carbon capture and utilization (CCU)
technologies.2−4 In this context, the electrochemical reduction
of CO2 (eCO2R) has emerged as a promising strategy to
convert surplus CO2 into sustainable fuels and value−added
chemicals.5 Moreover, it can be powered by renewable energy
sources (wind and solar), thereby facilitating the transition of
the synthetic processes toward a circular carbon economy.6−8

CO2 electrolysis generates a wide range of products, including
carbon monoxide, methanol, ethanol, and formic acid.3,9

Compared to other eCO2R products, formic acid has the
potential for industrial−scale production and economic
competitiveness with the current market price of ∼ 0.6 $
kg−1. Formic acid finds application in multiple fields, such as
textile and leather processing, as well as in formulations for
preservatives, fertilizers, antifreeze, and heat-transfer.10,11

Additional applications, currently under investigation, include

its use in direct formic acid fuel cells, syngas storage medium,
as a chemical reagent in organic processes, and a feedstock for
bioprocesses.12,13

To achieve industrial applicability, technological improve-
ments in components (e.g., catalysts, electrodes, membranes,
electrolytes, solvents) must progress alongside the design and
scaling−up of flow cell electrolyzers.5,13 The three most
common electrolyzer configurations investigated for eCO2R−
to−HCOOH are the zero−gap (ZG), dual−flow (DF), and
direct formic acid production (DFAP) systems (Figure 1).4

The ZG design is the simplest configuration, with cathode,
membrane, and anode assembled�minimizing ohmic losses
and enabling a compact architecture.14 The DF electrolyzer
features separate anolyte and catholyte compartments, allowing
control over electrolyte composition and potential operation at
higher current densities.4 The DFAP system employs a three−
compartment configuration with a solid-state electrolyte (SSE)
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between a cation exchange membrane (CEM) and an anion
exchange membrane (AEM), enabling the direct production of
formic acid.15−17 While DF systems enable electrolyte
management and DFAP design achieves higher product
concentrations, the simplicity of the ZG design makes it
particularly attractive for economies of scale.4,6,13,18 Although
not an eCO2R−to−HCOO� electrolyzer, bicarbonate-reduc-
tion reactors have demonstrated excellent performance and
also achieve high formate concentrations.19−21

Typically, the ZG electrolyzer consists of an anode
performing the oxygen evolution reaction (OER) in an
aqueous electrolyte, a cathode supplied with humidified CO2,
and an ion exchange membrane�either cationic (CEM) or
anionic (AEM)�separating the two compartments.14 The
anolyte plays a crucial role in facilitating charge transfer
between the electrodes and the catalyst during CO2 reduction,
while also enhancing ionic conductivity and suppressing the
hydrogen evolution reaction (HER).22

The ion exchange membrane plays a decisive role in this
design’s performance, with the CEM ensuring that product
formation is primarily released in the cathodic compartment.
Although humidified CO2 enhances formate concentration, the
system’s operation is undermined by salt precipitation on the
cathode that progressively obstructs the flow pathways. Adding
catholyte circumvents this problem, but dilutes the product
and promotes the HER, particularly at high current densities.
The use of AEM has been successfully demonstrated in recent
studies using humidified CO2 in the cathodic compartment
and an anolyte solution based on either KHCO3 or KOH.
Compared to CEM−based set−ups, this configuration enables
longer−term operation while achieving higher current densities
with good selectivity toward formate. Introducing a perforated
CEM between the anode and AEM (forward bias bipolar
membrane) results in a concentration of 0.25 mol L�1 at 300
mA cm�2, with energy consumption of 2.91 kWh kg�1 when
using hydrogen oxidation in the anode.23 However, this
configuration increases system complexity, particularly con-
cerning scalability, due to the technical challenges of
integrating an additional perforated CEM.

Bismuth−based catalysts demonstrate high activity and
selectivity toward eCO2R to formate while being abundant
and environmentally benign. As a non−noble metal, it
contributes to reducing overall production costs.13 The OER
is commonly used as the anodic reaction. It is typically

catalyzed by iridium−based electrodes (e.g., IrO2)―a rare
and expensive noble metal―which significantly influences
the overall reaction cell voltage and energy efficiency.24,25

Despite its good performance, the high cost of iridium poses
significant challenges to economic viability, particularly in
terms of scalability.26 Among the promising alternatives, nickel
is an active OER catalyst, mostly studied in alkaline water
electrolysis, offering good performance and stability.27

Although less studied, nickel can serve as a low−cost anode
when the OER is used as a counter reaction in CO2
electroreduction cells, especially under alkaline conditions. In
the eCO2R to formate using a zero−gap electrolyzer with a
single membrane configuration, although Ir−based catalysts
are still dominant for the OER, two examples are reported with
nickel catalyst: one employing a CEM and the other an AEM
(Table S1, entries 3, 9).

Herein, we developed a customized zero−gap electro-
lyzer―fabricated in house―incorporating a PiperION
AEM, a Bi2O3−coated GDE as the cathode, and either a nickel
mesh or IrO2−coated GDE as the anode for catalyzing the
OER. When the nickel mesh was used as the anode, this
configuration enabled eCO2R to formate with a concentration
of 0.555 M―the highest reported to date for a ZG cell in an
AEM configuration. Additionally, the influence of the anodic
electrolyte (NaOH, KOH, and CsOH), pH (OH� vs.
HCO3

�), and PiperION membrane thickness (40�80 μm)
was investigated to assess their impact on key performance
indicators. Hence, this study presents an economical improve-
ment using a zero-gap AEM electrolyzer by replacing iridium
with low-cost nickel mesh, resulting in lower process costs and
improved key performance indicators (KPIs), as demonstrated
by techno-economic analysis (TEA). Although the product
obtained under the studied conditions is diluted potassium
formate, the ultimate target product is commercial-grade
formic acid (>85 wt %). To this end, downstream processes
(acidification, extraction, and distillation) must be imple-
mented, as detailed in section 3.4 (techno-economic studies).

2. EXPERIMENTAL SECTION

2.1. Materials
Chemical reagents were used as received from commercial suppliers.
Nickel mesh with a wire diameter of 0.16 mm (Haver & Boecker
OHG, Germany), Freudenberg E20H GDL (Quintech, Germany),
PiperION AEM (Versogen, USA) of different thicknesses (60 μm, 40

Figure 1. Schematic of the most common electrolyzers: (a) zero−gap (ZG), (b) dual flow (DF), and (c) direct formic acid production (DFAP).
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μm, and 80 μm), IrO2−based GDE (Dioxide Materials, USA), and
Bi2O3−based GDE (Dioxide Materials, USA) were commercially
available. The zero−gap electrolyzer, which provides a 9.0 cm2

geometric active area was manufactured in−house (Figure S1).

2.2. Zero−Gap (ZG) Electrolyzer Setup
The zero−gap (ZG) electrolyzer comprises two titanium end plates
with serpentine flow paths that also serve as anode and cathode
current collectors (not additionally metal−coated for conductivity),
two 25 μm−thick PTFE gaskets, a commercial Bi2O3 GDE as the
cathode, a PiperION AEM with a thickness ranging from 40 to 80
μm, and an anode, which can be either a commercial IrO2 GDE or a
nickel mesh supported on commercial Freudenberg E20H GDL.
Figure S2 shows the ZG configuration using nickel as an anode.
Figure S3 depicts the anodic compartment, featuring the nickel mesh
supported on Freudenberg E20H GDL, mounted on the anodic
current collector containing a serpentine flow field. All components
(cathode, membrane, and anode) were assembled by applying torques
of 1.5 and 2.0 N m.

2.3. Electrochemical Measurements and Analytical
Methods
After assembly, the cell was pre−conditioned using 1 M KOH anolyte
solution via chronopotentiometry (CP) at 0.45 A, until a stable
potential value was reached (∼1.5 h). Four distinct blocks of
experiments were conducted in this study to evaluate (a) the type of
anodic material (iridium vs nickel), (b) the stability of the measured
KPIs over time using the investigated iridium− and nickel−based
electrodes, (c) the anolyte composition, and (d) the AEM
thickness―both using a nickel mesh―on the studied KPIs.
The first block evaluated the effect of IrO2−based and nickel mesh
anodes on the electrolyzer performance using CP at different current
densities (50, 100, and 200 mA cm�2) for 2 h. The experiments were
conducted using KOH as an anolyte at two concentrations: 1 and 2
M. Additionally, a mechanistic study was carried out to evaluate the
formate oxidation reaction (FOR) using nickel mesh and IrO2−based
GDE. The study was performed by adding 0.44 M KCOOH to the
anolyte (1 M KOH) and applying a current density of 100 mA cm−2,
while feeding Ar to the cathode instead of CO2 for 2 h. The second
block examined the stability of the electrolyzer using the nickel mesh
and the IrO2−based anodes, carrying out continuous electrolysis
(CP) at 50 mA cm�2 over an extended operation time (4�8.7 h)
using 2 M KOH. The third block of experiments investigated the
impact of the anolyte composition (NaOH, KOH, CsOH, and
KHCO3) using CP at 50 mA cm�2 for 2 h, using the nickel mesh as
an anode. Initially, the cation effect was assessed by comparing 1 M
CsOH, KOH, and NaOH as anolytes. Subsequently, the anion effect,
which also influences the reaction pH, was investigated by comparing
1 M KOH, 1 M KHCO3, and K2SO4 under the same conditions.
Finally, the fourth block of measurements assessed the influence of
membrane thickness (40�80 μm) on the electrolyzer performance
over 2 h operation, using previously optimized conditions: 1 M KOH
as the anolyte and a nickel mesh anode.

Humidified CO2 was supplied in excess to the cathode at a
constant flow rate of 40.0 sccm for current densities of 50 and 100 mA
cm�2, and 80 sccm for 200 mA cm�2. Humidification was achieved
using a water−filled bubbler before entering the electrolyzer, as
illustrated in Figure S4. The anode was supplied with argon at a flow
rate of 40 sccm to maintain a controlled, inert, and measurable
environment at the anode. The anolyte was introduced and
recirculated at

100 mL min�1 using a peristaltic pump (MasterFlex 78018−42
Dual Channel). Desired gas flow rates were introduced in the
electrolyzer using a mass flow control (MFC − EL−Flow Prestige,
Bronkhorst) and quantified via a drum gas counter (TG0.5−PVC−
PVC, Ritter, Germany) using AMR Win Control Software for data
acquisition.

Electrochemical measurements were conducted using an electro-
chemical station (Metrohm Potentiostat, PGSTAT302N) coupled to
a high−current booster (Metrohm, Booster10A). It was used in a

four−electrode mode: working electrode (WE), counter electrode
(CE), reference electrode (RE), and working sense (S). To evaluate
the electrochemical behavior, chronopotentiometry (CP) was
conducted at different current densities (50�200 mA cm�2). The
gaseous products formed in the electrolysis were collected at time
intervals and analyzed by Gas Chromatography (GC, ThermoFischer
P−GC−TCD Duplex 3). Aliquots (0.5 mL) of the recirculated
anolyte were collected from the anolyte reservoir throughout the
reaction to determine formate concentration by ion chromatography
(IC, Sykam Ion Exclusion Chromatography S155). Samples were
taken every 20 min, except during long-term stability tests, in which
aliquots were collected every 60 min. Experimental data are reported
as the average of duplicate measurements. Utilizing the CP
experimental data and the quantified flow rates, together with the
product concentration calculated by GC and IC, the KPIs were
calculated using eqs 1-3.

Faradaic Efficiency (FE − %) of formate:

n z F
j A t

FE (%) 100formate
formate=

× ×
× ×

×
(1)

Faradaic Efficiency (FE − %) of gaseous products (H2 and CO):

n z F
j A

FE (%) 100H
CO/H2

2/CO=
× ×

×
×

(2)

Energy consumption (EC − kWh kg�1):

U q
m

EC cell

formate
=

×
(3)

Where n refers the number of moles of formate produced, ṅ denotes
the molar flow, z denotes the stoichiometric number of electrons
required to form the product, F refers to the Faraday constant (96485
C mol�1), j denotes the current density, A refers to the geometric
active electrode area, t denotes the elapsed time, Ucell refers to the cell
potential, q denotes the electric charge, and mformate refers to the mass
of formate produced.
2.4. Post Mortem Characterization
To examine structural changes in the electrodes, post mortem
characterizations were carried out after applying 200 mA cm�2 for
2 h. Blank analyses were conducted before the reaction to establish a
baseline for comparison. To compare the morphology, Scanning
Electron Microscopy (SEM, model FEI Quanta FEG 650; 20 kV
acceleration voltage; 3 nm spot) was performed with element
mapping using coupled Energy Dispersive X−Ray Spectroscopy
(EDS; 20 kV acceleration voltage; 5 nm spot). Superficial
composition was determined by X−ray photoelectron spectroscopy
(XPS, model PHI5000 VersaProbe II, ULVAC−Phi Inc., USA) with a
monochromatic Al−Kα radiation (1.486 keV; X−Ray Setting: 50 W,
15 kV, 200 μm spot). Charge correction was done by setting the main
component of the C 1s spectra to 285 or 284.5 eV for sp3 and sp2

carbon, respectively, and the satellite peaks (SP) were considered in
the composition percentage.28 Inductively Coupled Plasma Mass
Spectrometry (ICP−MS) was used to assess whether nickel mesh was
leaching. To identify crystalline phases, X−ray diffraction (XRD)
measurements were carried out using Cu Kα radiation (XRD,
Panalytical Empyrean DY 2785).

3. DISCUSSION OF RESULTS
Due to the high cost, scarcity, and supply risk of iridium,
significant research is underway to investigate the use of cheap
and abundant catalysts with non−noble metals for electrolytic
reactions, particularly in the OER. In alkaline media, transition
metal oxides based on nickel, iron, cobalt, and manganese, and
their combinations have demonstrated promising activity and
stability, offering viable alternatives to IrO2.

29 Additionally,
spinel and perovskite materials, known for their structure
tunability, are also being investigated.30 In the context of CO2
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electrolysis, nickel−based materials such as nickel mesh, nickel
foam, and nickel−iron (oxy)hydroxides are gaining momen-
tum under alkaline conditions.31−34 These developments are
essential to enhance the scalability of electrolyzers by reducing
dependence on scarce noble metals. While economies of scale
have already been achieved in water electrolysis, the eCO2R to
value−added products is still in its early stages, beginning with
demonstration−scale reactors, particularly with two−electron

products, such as CO and HCOOH. A recent techno−
economic analysis of the eCO2R−to−HCOOH process has
shown the potential for this route to compete economically
with the current industrial synthetic processes.4 Among typical
electrolyzer configurations, the ZG reactor is the most suitable
for scalability due to its simple design. However, it faces
economic drawbacks related to the high cost of downstream

Table 1. (Left) Comparative Results and Standard Deviation (SD) of KPIs for Anodic IrO2−Based GDE and Nickel Mesh in
the ECO2R−to−Formate Using a ZG Electrolyzer with an AEM at Different Current Densitiesa

entry anode anolyte KOH current density [mA cm�2] EC [kWh kg�1] cell voltage [V] FE [%] accumulated formate [M]

1 Ni mesh 1 M 50 2.69 ± 0.00 2.32 ± 0.02 94.24 ± 1.73 0.163 ± 0.000
2 Ni mesh 1 M 100 4.63 ± 0.09 2.64 ± 0.07 75.50 ± 14.25 0.198 ± 0.006
3 Ni mesh 1 M 200 16.73 ± 1.12 3.26 ± 0.20 12.60 ± 3.02 0.099 ± 0.019
4 Ni mesh 2 M 50 2.93 ± 0.22 2.13 ± 0.01 86.17 ± 9.40 0.146 ± 0.008
5 Ni mesh 2 M 100 9.64 ± 0.25 2.69 ± 0.02 28.04 ± 0.78 0.106 ± 0.013
6 Ni mesh 2 M 200 36.72 ± 2.38 2.67 ± 0.02 8.13 ± 0.21 0.054 ± 0.006
7 IrO2 1 M 50 4.36 ± 0.25 2.12 ± 0.04 57.36 ± 0.95 0.101 ± 0.015
8 IrO2 1 M 100 7.24 ± 9.13 2.68 ± 0.08 12.11 ± 4.87 0.049 ± 0.017
9 IrO2 1 M 200 71.60 ± 33.87 3.01 ± 0.08 0.47 ± 0.63 0.008 ± 0.001
10 IrO2 2 M 50 5.59 ± 1.14 2.20 ± 0.02 43.74 ± 6.62 0.079 ± 0.015
11 IrO2 2 M 100 13.72 ± 4.22 2.51 ± 0.06 21.24 ± 7.45 0.080 ± 0.055
12 IrO2 2 M 200 292.56 ± 93.38 3.040 ± 0.07 1.30 ± 0.89 0.012 ± 0.004

aReaction setup: Bi2O3−GDE cathode, 60 μm PiperION AEM, humidified CO2 flow (40 mL min�1), recirculation of anolyte (KOH) at 100 mL
min�1 over 2 h.

Figure 2. (a) Plot of the average faradaic efficiencies (%) and cell potential (V) vs current densities based on the data presented in Table 1.
Reaction conditions are as specified in Table 1. Plot of the average faradaic efficiencies (%) and formate concentration (M) vs time of reaction (h)
using anodic (b) nickel mesh and (c) IrO2−based GDE. Reaction set−up: Bi2O3−GDE cathode, 60 μm PiperION AEM, 40 mL min�1 of
humidified CO2 flow, and recirculation of 2 M KOH as anolyte at 100 mL min�1. Reaction time: 8.7 and 4 h, for (a) and (b), respectively.
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processing associated with the low product concentration in
the reactor outlet.

Our interest in using a ZG electrolyzer with an AEM
configuration under alkaline conditions focuses on addressing
two major limitations of this design for the eCO2R−to−
formate: the reliance on IrO2 as a catalyst for the OER and the
low concentration of the formate product. In the following
sections, we investigate (a) the replacement of IrO2 with nickel
mesh as active material for the OER, (b) strategies to optimize
product concentration, and (c) the impact of the electrolyte
composition and AEM thickness on KPIs with the
configuration using the nickel mesh, which as we anticipate,
demonstrates superior performance compared to the IrO2
catalyst.
3.1. Comparison of the ZG Electrolyzer Performance Using
IrO2−Based GDE and Nickel Mesh Anodes, and
Optimization of Formate Concentration

The principal motivation behind this study is to evaluate the
feasibility of replacing IrO2 with nickel mesh as an anode
material. In the first testing phase, specific KPIs were
monitored with the two anodes using CP measurements at
current densities of 50, 100, and 200 mA cm�2. Measurements
were conducted using 1 and 2 M KOH, as nickel exhibits
enhanced performance in alkaline conditions. Calculated KPIs
included energy consumption, faradaic efficiency, and accu-
mulated formate concentration in the anolyte container due to
anolyte recirculation.

Table 1 summarizes the results for the configurations
studied: an IrO2−based GDE and a nickel mesh anode, each
tested with two different KOH anolyte concentrations at
various current densities. Optimal energy consumption and
faradaic efficiency were achieved at 50 mA cm�2 with nickel
mesh in both 1 and 2 M KOH. Average faradaic efficiencies
over 2 h exceeded 86%, with EC values of 2.69 and 2.93 kWh
kg�1 for 1 and 2 M KOH, respectively (Table 1, entries 1 and
4). As the current density increased to 100 mA cm�2, a higher
formate oxidation at the anode is observed (Figure 2a).
Nevertheless, the cell maintains stable with faradaic efficiency
of 75.50%, an EC of 4.63 kWh kg�1, and an accumulated
formate concentration of 0.198 M (Table 1, entry 2).

At 200 mA cm�2, the cell primarily produces hydrogen,
while formate accounts for only 12.60 and 8.13% of FE to
formate, for 1 and 2 M KOH, respectively (Table 1, entries 3
and 6). The increased HER at higher current densities and
KOH concentration can be attributed to the increased water
flux (jH2O) toward the cathode. In this ZG cell configuration,
jH2O is dominated by the electro−osmotic drag (EOD), as
water molecules are transported along with the flux of K+ ions
(jK+) across the AEM, expressed as jH2O = ξ·jK+. Here, the EOD
coefficient (ξ) represents the number of water molecules
transported per K+ ion across the AEM under the electric field
and is determined by the hydration coordination sphere―
typically three water molecules for each K+ ion―and the
applied current density that drives K+ transport through the
membrane.35−37 Although an ideal AEM should be anion−
selective and impermeable to cations, cation crossover from
anode to cathode occurs in ZG cells, increasing water
transport. Permselectivity is further reduced under high
electrolyte concentrations, as in the present study with 1 M
KOH, due to the Donnan exclusion effect.36 The highest
hydrogen evolution, observed at 200 mA cm�2 and 2 M KOH

for both anode configurations (Figure 2a), is consistent with
the increased water supply to the cathode.37

Compared to the Ni mesh, the IrO2−based anode is
detrimental to the eCO2R−to−formate in this cell config-
uration at all current densities, due to its lower faradaic
efficiencies and higher energy consumption (Table 1, Figure
2a). The best performance of IrO2 is observed at 50 mA cm�2,
with faradaic efficiencies of 57.36% and 43.74% for 1 and 2 M
KOH, respectively (Table 1, entries 7 and 10). As shown in
Figure 2a, FOR and HER are more pronounced when using
the IrO2−based anode.

In ZG electrolyzers with an AEM configuration, formate
exits through the anode, and the average FE falls below 100%
due to partial oxidation of formate, a process that becomes
more pronounced at higher current densities (Figure S5−
S6).38−40 A mechanistic study was conducted to explain the
superior performance of Ni mesh compared to IrO2 in CO2
electrolysis by investigating the FOR at the anode. FOR was
evaluated by introducing 0.44 M of potassium formate into the
anolyte (1 M KOH), while Ar was fed to the cathode. This
setup eliminates the formation and product crossover from
CO2 electrolysis, enabling a direct assessment of FOR. CP
measurements at 100 mA cm−2 showed that 11% of the
formate was consumed by the IrO2−based anode within 2 h
(Figure S7b), whereas only 3.6% was consumed by the nickel
mesh (Figure S7a). These results indicate that the FOR is
more pronounced on IrO2−based GDE than on nickel mesh,
explaining the lower apparent FOR selectivity observed with
the Ni mesh during CO2 electrolysis. These findings are
consistent with the trends reported in Table 1, Figure 2, and
Figures S5−S6. Previous results indicated that the nickel mesh
delivers the best KPIs at a current density of 50 mA cm�2 in 1
M KOH (Table 1, entry 1), achieving an accumulated formate
concentration of 0.163 M after a 2h. For long measurement
durations, FOR became predominant after 4 h for the nickel
mesh anode (Figure S8a) and after 3 h for the Ir−based anode
(Figure S8b).

To assess the stability of the electrolyzer using the nickel
mesh and the IrO2−based anodes, CP experiments with 2 M
KOH were conducted at 50 mA cm�2. These tests aimed to
optimize the formate accumulation in the anodic reservoir
using nickel mesh (Figure 2b) and IrO2−based anode (Figure
2c). An accumulated formate concentration of 0.555 M was
achieved when the nickel mesh was utilized. This represents a
highly energy−efficient process (3.48 kWh kg�1) and the
highest formate concentration reported to date for a ZG
electrolyzer in an AEM configuration, surpassing the 0.25 M
benchmark previously achieved using a forward−bias bipolar
membrane (BPM) with a perforated CEM (Table S1, entry
12).23

Under these optimized conditions, the formate concen-
tration of 0.555 M is reached after 8.7 h. After this period, the
anolyte should be replaced with a fresh 2 M KOH reservoir to
initiate a new operating cycle. In contrast, the IrO2−based
GDE reaches saturation at 0.158 M after 4 h, with a drop of
faradaic efficiency to 34.17%. Since the anolyte is recirculated
and the quantification refers to the accumulated formate, this
observation indicates that, after 4 h, the FOR dominates, and
most of the formate produced at the cathode is being oxidized
at the anode. The optimization process with the IrO2−based
anode would take 4 h, achieving an accumulated formate
concentration of 0.158 M with an average energy consumption
of 5.13 kWh kg�1 and faradaic efficiencies between 34.17%
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and 56.67%. These results demonstrate that using a nickel
mesh with the investigated electrolyzer configuration under
alkaline conditions achieves the highest reported formate
concentration, while leveraging its abundance, cost−effective-
ness, and its favorable preference for the OER over the FOR in
the investigated time.
3.2. Effect of Different Anolytes on the ZG Electrolyzer
Performance

Using alkaline anolytes in the anodic compartment lowers the
oxygen evolution potential (OEP), thereby reducing the
energy demand for the OER and improving the overall energy
efficiency of the electrolytic process. In the context of cathodic
eCO2R, the effect of cations in the catalytic reaction remains
debated, with multiple theories proposed.41 These include
their role in regulating local pH and modifying local
electrostatics�where cations accumulate at the outer
Helmholtz plane (OHP), altering the electric field and
stabilizing key reaction intermediates, such as adsorbed
CO2.

42 In a ZG electrolyzer equipped with an AEM, cations
from the anolyte can still migrate toward the cathode under the
influence of the electric field, carrying water molecules with
them.35,36 This process, known as electro−osmotic drag, is
influenced not only by the electric field but also by the type of
cation used in the anolyte. Smaller cations, such as Na+, have a
higher hydration number and thus transport more water
molecules compared to larger cations like Cs+.

To investigate the influence of different anolytes on the
electrolyzer performance, CP experiments were conducted to
evaluate both faradaic efficiency and formate concentration.
The nickel mesh was selected as the anode, due to its enhanced
performance. The rest of the cell configuration comprised a
cathodic Bi2O3−based GDE and a 60 μm PiperION
membrane. The cell operated at 50 mA cm�2, a CO2 flow
rate of 40 sccm, and at 100 mL min�1 of anolyte flow in a
recirculation mode over 2 h.

Three different anolytes―NaOH, KOH, and
CsOH―were utilized to compare the cationic effect in
the eCO2R−to−formate. All tested anolytes demonstrated
high selectivity to formate production, achieving high faradaic
efficiencies (Figure 3a), similar cell potentials, and energy
consumption (Table S2). Although Cs+ possesses the largest
ionic radius and the lowest hydration number among the
cations tested�factors that contribute to a reduced water flux
across the AEM toward the cathode�the highest selectivity

was observed with K+, which exhibited the lowest contribution
to the HER. In general, these effects become more pronounced
at high current densities due to the influence of the electric
potential in the electro−osmotic drag and the Donnan
exclusion effect.43−45 At lower current densities, KOH tends
to perform comparably to, or even better than, CsOH.41,42,46

Previously, the effect of different cations was evaluated under
alkaline conditions by maintaining OH− as the counteranion.
Conversely, to study the influence of anions, K+ was held
constant while the anion species varied. KHCO3, KOH, and
K2SO4 were used as anolytes in these experiments, altering the
local pH of both half reactions and, hence, their potential (eqs
4-6) and the overall energy efficiency of the electrolytic
process.47,24

Anode:

vs2H O O 4H 4e E 1.23( . SHE)2 2
0+ + = ++ (4)

vs4OH O 2H O 4e E 0.40( . SHE)2 2
0+ + = + (5)

Cathode:

vs

CO H O 2e

HCOO OH E
0.48( . SHE)

2 2
0

+ +
+

= (6)

The measured pH in the anolyte reservoir was ∼ 8 with 1 M
KHCO3, ∼ 14 with 1 M KOH, and ∼ 7 with 1 M K2SO4.
Moreover, it is well established that nickel exhibits superior
catalytic performance under alkaline conditions.48 On the
cathodic site, the performance of the Bi2O3−based cathode
toward the eCO2R is enhanced under alkaline conditions due
to the suppression of the HER.36 Regardless of the anion, the
HER remains consistently low, indicating comparable
selectivity toward the eCO2RR (Figure 3b, Table S2).
However, when KHCO3 and K2SO4 are used as anolytes,
FOR at the anode becomes significantly more pronounced,
resulting in a low performance. This suggests that on the
investigated nickel mesh anode, the OER is less favorable
under neutral conditions due to increased competition with the
FOR. Hence, employing an alkaline medium is necessary in the
studied electrolyzer configuration to both thermodynamically
and kinetically promote the OER on the nickel anode, in line
with reports on water electrolysis.38,39,49,50

Figure 3. (a) Average faradaic efficiencies (%) versus different anolyte contents (NaOH, CsOH, and KOH) and cell potential (V) during CO2
electrolysis. (b) Average faradaic efficiencies (%) versus different anolyte contents (KOH, KHCO3, and K2SO4) and cell potential (V) during CO2
electrolysis. Reaction conditions: anodic nickel mesh, cathodic Bi2O3−based GDE, 60 μm PiperION membrane, 50 mA cm�2 of current density,
40 sccm of CO2 flow, 100 mL min�1 of anolyte flow in recirculation mode, and 2 h reaction.
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The average cell potential, and particularly the energy
consumption, were optimized when using 1 M KOH (2.25 V;
2.69 kWh kg�1), compared to KHCO3 (2.92 V; 25.80 kWh
kg�1) and K2SO4 (2.99 V; 22.03 kWh kg�1) (Figure 3b, Table
S2). In terms of formate production, KOH yielded the highest
concentration (0.163 M), given the low rate of formate
oxidation. This was followed by KHCO3 (0.115 M), and
K2SO4(0.024 M) (Table S2).
3.3. Effect of Membrane Thickness on the ZG Electrolyzer
Performance
The final parameter evaluated was the impact of membrane
thickness on the performance of the electrolyzer. In this study,
PiperION membranes―composed of a functionalized
poly(aryl piperidinium) polymer―were evaluated. Varia-
tions in membrane thickness were expected to influence the
efficiency of formate production. The nickel mesh was selected
as the anode while the rest of the cell configuration comprised
a cathodic Bi2O3−based GDE and a PiperION membrane with
thicknesses ranging from 40 to 80 μm. The electrolyzer
operated in a CP mode at current densities of 50, 100, and 200
mA cm�2. A continuous CO2 flow rate (40 sccm) was supplied
to the cathode, while 1 M KOH was used as anolyte,
recirculated at 100 mL min�1 over 2 h.

The medium−thick membrane (60 μm) promotes the
highest selectivity toward formate production (Figure 4) and

the lowest energy consumption across all current densities
(2.69 and 4.63 kWh kg�1 at 50 and 100 mA cm�2,
respectively; Table S3). Enhanced formate selectivity was
only observed in the thicker and thinner membranes at 50 mA
cm�2, with superior cell performance with the 80 μm
membrane (88.79% FE, 3.14 kWh kg�1) compared to the
40 μm (51.40% FE, 6.09 kWh kg�1) (Figure 4, Table S3). At
200 mA cm�2, all membrane thicknesses predominantly
favored HER, which is attributed to the increased water flow
to the cathode at higher current densities.45,51 A similar trend
was recently reported using a MEA electrolyzer with PiperION
membranes of various thicknesses under different current
densities.52 The ZG electrolyzer operates optimally with the 60
μm PiperION membrane at 50 and 100 mA cm�2, by
regulating the water diffusion to the cathode and minimizing

FOR at the anode. However, while the thicker membrane (80
μm) regulates FOR at the anode comparable to the 60 μm
membrane at the studied current densities, it fails to suppress
HER at the cathode at 100 mA cm�2, contradicting our initial
assumptions and literature reports.45,53 The 40 μm membrane
neither controls water diffusion nor formate migration across
it.
3.4. Post Mortem Characterization

Scanning Electron Microscopy (SEM) was used to assess GDE
structural changes after electrolysis. Evaluation of the GDE
before eCO2R revealed white, spherical nanoparticle agglom-
erates (Figure 5b) that were homogeneously dispersed (Figure
5a). These agglomerates were identified by Energy Dispersive
X−Ray Spectroscopy (EDS) as bismuth nanoparticles. After 2
h of electrolysis at 200 mA cm�2, a crystalline product with
defined edges (Figures 5c�d) appears on the surface of the
GDE, identified as potassium by EDS mapping analysis (Figure
S9).

This result indicates a significant potassium migration from
the anode to the cathode when applying 200 mA cm�2. This
finding aligns with the enhanced HER observed at this current
density, both in this study (Figures 2a) and in previous
reports,14,36 suggesting that increased water diffusion is driven
by electro−osmotic drag.

X−ray Photoelectron Spectroscopy (XPS) analysis was
conducted to assess the elemental chemical composition at
the surface of the electrodes before and after the eCO2R
(Table S4). C 1s spectra of the GDE before eCO2R exhibit a
dominant contribution from sp2−hybridized C = C bond
(284.5 eV), followed by Bi−C (283.2 eV), and a π−π* shake−
up transition at 290.9 eV (Figure S10a).54,55 After eCO2R, a
new peak emerged at 287.5 eV, which can be attributed to
CO3

2� and suggests the presence of carbonate on the GDE
surface after eCO2R (Figure S10b). C 1s spectra of the nickel
mesh shows new signals at 289.3 and 291.1 eV, assigned to
carbonate (CO3

2�) and bicarbonate (HCO3
�), respectively

(Figure S10d). As the electrolyzer employs an AEM, the
anionic species produced at the cathode (CO3

2� and HCO3
�)

migrate across the membrane and can observed on the nickel
anode surface. K 2p was identified after eCO2R for the GDE
�2p3/2 (290.9 eV) and 2p1/2 (293.7 eV)� and the nickel
mesh�2p3/2 (293.6 eV) and 2p1/2 (296.4 eV) (Figure S10b−
S10d).54,55 Potassium presence on the GDE supports the
hypothesis that K+ ions migrate from the anode during
operation. A well−separated doublet (Δ= 5.31 eV) is observed
in the Bi 4f GDE spectra before eCO2R, indicating the
presence of both Bi0 and Bi3+ species (Figure 6a). After
eCO2R, the spectra maintained the profile, however, all the
signals shifted toward lower binding energies (Figure 6b),
indicating an increase in electron density around the Bi atoms,
which could be induced by the presence of the carbonate
species.28,54 The Ni 2p3/2 spectra before eCO2R shows a
mixture of nickel species (Ni2+ and Ni0) (Figure 6c). The
major contribution was attributed to Ni(OH)2, followed by
Ni0, and NiO species.54,56,57 After eCO2R, all signals exhibited
a shift toward higher binding energies (Figure 6d), which
confirms nickel oxidation during OER.57−59

The X−ray diffraction patterns of the pristine material
(Figure S11a) revealed characteristic peaks of tetragonal β−
Bi2O3, along with additional signals attributed to monoclinic
α− Bi2O3, and Bi0, indicating a mixed−phase composition.

Figure 4. Average faradaic efficiencies (%) and cell potentials (V) at
different current densities during CO2 electrolysis using PiperION
membranes of various thicknesses (40, 60, and 80 μm). Reaction
conditions: anodic nickel mesh, cathodic Bi2O3−based GDE, 40 sccm
of CO2 flow, 100 mL min�1 anolyte flow of 1 M KOH in
recirculation mode over 2 h.
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After CO2 electrolysis (Figure S11b), new peaks corresponding
to Bi2O2CO3, K2CO3, and KHCO3 appeared.

An Inductively Coupled Plasma Mass Spectrometry (ICP−
MS) analysis was conducted on the anolyte after 2 h of eCO2R

at 200 mA cm�2 to assess the potential nickel leaching from
the nickel mesh (Table 2). No significant leaching was

detected, indicating that the nickel mesh remains stable and
confirming its robustness as a material for CO2 electrolysis to
formate under the alkaline conditions applied in this study.
3.5. Techno−Economic Studies for Industrial Viability
A techno−economic analysis (TEA) assessed the viability of
the ZG electrolyzer to economies of scale. The analysis was
based on optimal experimental results obtained in this study at
50 mA cm�2 using the nickel mesh (70.37% FE, 2.16 V, 3.48
kWh kg�1, and 0.555 M formate) and the IrO2−based
electrode (45.55% FE, 2.16 V, 5.13 kWh kg�1, and 0.158 M
formate) (Table S5). The economic performance was analyzed
based on the levelized cost of formic acid (LCFA) from the

Figure 5. Pristine cathodic GDE before eCO2R using different magnifications: (a) 100 and (b) 5 μm. Cathodic GDE after eCO2R different
magnifications: (c) 100 μm and (d) 1 mm.

Figure 6. XPS spectra for the GDE in the core level Bi 4f (a) before
eCO2R and (b) after eCO2R. XPS spectra for the Ni mesh in the core
level Ni 2p (c) before eCO2R and (d) after eCO2R.

Table 2. ICP−MS Results of the Anolyte (1 M KOH) before
the Reaction and after the Reaction, Applying 200 mA
cm�2a

Ni

sample [ ]/μg/L SD/μg/L
1 M KOH before eCO2R 44.689 5.336
1 M KOH after eCO2R 58.696 4.669

aThe concentration ([ ]) of nickel is presented with the SD.
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perspective of an industrial−scale formic acid production
system, as modeled in our previous study.4 This considers a
CO2 electrolysis reactor model composed of 50 stacks of 200
zero−gap cells with an active surface area of 0.6 m2, i.e., a
reactor with a total active surface area of 6,000 m2 adapted for
the use of either nickel or iridium as catalytic metal, as well as
its entire balance of plant (BoP). Next, a pressure swing
adsorption (PSA) systems60 envisaged for the separation and
recycling of unreacted CO2.

60 Finally, a liquid−liquid
separation unit designed for extracting and purifying formic
acid to a commercial concentration (>85 wt %) is considered.
This involves acidifying the formate solution before it is
introduced into the separation system, where the formic acid is
purified by azeotropic distillation.61−63 The capital costs
relating to the electrolysis unit (stacks and BoP) were
calculated from the component costs in relation to their
quantities,64 while the extra operational cost related to
acidification of formate was considered in process consum-
ables, assumed to represent 2.5% of the initial investment on a
yearly basis or a contribution to the total LCFA, which
amounts to $0.06 kgFA−1 (Figure S13). For the PSA and
product separation units, their costs were derived from existing
models60,63 and updated to the implemented flows (materials
and energy), following a comprehensive methodology.4 The
analysis of the influence of various technical and economic

parameters on the LCFA in this specific scenario is
summarized in Figure 7.

A moderate single−pass conversion of 15% was assumed,
considering the CO2 excess applied to the 6,000 m2 reactor
with an active area of 0.6 m2/cell. This excess is required to
avoid the depletion of CO2 along the flow resulting from a high
conversion rate (50−60% as commonly assumed in TEAs),65

causing a substantial deterioration not only in Faradaic
efficiency of the target product, but also in the current density
due to mass transport losses. More information regarding the
effect of the single−pass conversion on these electrochemical
parameters is given as contour plots in Figures S12a-12c.
Applying the operation baseline assumptions specified in Table
S6, the nickel mesh yields a price of $1.14 kgFA

�1. This price is
more favorable than the results obtained using an IrO2−based
anode ($2.25 kgFA�1) due to the worse electrochemical
performance in the production of formate (Table S5) and the
greater economic impact of product purification. Sensitivity
analyses (Figure 7) show a substantial dependency on specific
operating parameters (plant capacity factor, MEA lifetime, and
electricity price) and electrochemical performance indicators
(product concentration, faradaic efficiency, and current
density). To interpret the ± 30% sensitivity analysis in Figure
7a, a + 30% increase in current density (i.e., operating at 65.0
mA cm�2) using the nickel anode, while maintaining the rest
of the parameters constant (Table S5, S6), would result in an

Figure 7. Sensitivity analysis of the calculated levelized cost of formic acid (LCFA) in the eCO2R to formate process using a ZG reactor with an (a)
anodic nickel mesh and (b) anodic iridium−based catalysts. Baseline electrochemistry parameters originate from the optimal experimental results
with a nickel mesh and iridium−based catalysts (Table S5) and operating assumptions of Table S5.

Figure 8. Contour plots depicting the combined effect of two independent electrochemical performance parameters on the LCFA: (a) current
density and formate concentration, (b) current density and faradaic efficiency, and (c) faradaic efficiency and product concentration. The rest of the
baseline electrochemistry parameters stem from the optimal experimental results with a nickel catalyst (Table S5) and operating assumptions of
Table S6.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.5c11134
ACS Sustainable Chem. Eng. 2026, 14, 1608−1619

1616

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig8&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c11134/suppl_file/sc5c11134_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c11134?fig=fig8&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c11134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LCFA of $0.99 kgFA
�1. A more comprehensive analysis

focused on electrochemical performance using exclusively
nickel as anode is presented in contour plots, illustrating the
combined effects of current density and product concentration
(Figure 8a), current density and faradaic efficiency (Figure
8b), and faradaic efficiency and product concentration (Figure
8c) on the LCFA value. Herein, green color highlights
economic competition with established industrial processes
($0.65 kgFA

�1). Among the electrochemical performance
indicators, current density and product concentration are the
most important in the ZG configuration studied in this work,
as observed in the extended green color in Figure 8a.

TEA studies suggest a promising economic outlook for
scaling up formic acid production to an industrial level using
the proposed ZG electrolyzer when nickel is used instead of
iridium as the anode catalyst. This advantage stems from
nickel’s low cost and minimal activity in FOR, in contrast to
iridium’s high cost. However, reaching the target market of
$0.6 kgFA�1 will require further technological improvements to
enable operation at current densities higher than 150 mA
cm�2 and product concentration above 1.5 M (Figure 8a).
Further contours plot analyses assessing the combined impact
of influential operating parameters (single−pass conversion,
electricity price, and plant capacity factor) and electrochemical
performance indicators (current density, product concentra-
tion, and faradaic efficiency) on the LCFA (as observed in
Figure 8) confirmed the requirement of operating at higher
current densities (Figures S12a and S12d), considering that at
least the target product concentration of 0.555 M is achieved,
to implement this ZG configuration for industrial scalability.
Furthermore, this technology could benefit from the
availability of lower−cost renewable energy sources, such as
onshore wind and utility−scale photovoltaics, compared to the
electricity price assumed in this study (¢4.5 kWh�1) (Figures
S12d-S12f).66

4. CONCLUSIONS
This study demonstrates the viability of replacing IrO2 with a
nickel mesh anode for the eCO2R−to−formate under alkaline
conditions in a zero−gap electrolyzer using an AEM
configuration. Nickel is not only an abundant metal, but it
also exhibits excellent stability and selectivity toward formate
production in the tested conditions. The nickel mesh anode
resulted in the highest formate concentration reported to date
for this type of electrolyzer configuration (0.555 M), along
with reduced energy consumption (3.48 kWh kgformate

�1). In
contrast, the IrO2−based anode underperformed across all
studied current densities, showing lower faradaic efficiencies
and higher energy consumption to formate, thus proving
detrimental to the eCO2RR−to−formate in this reactor
configuration. The effect of the anolyte was also investigated.
While the nature of the cation showed minimal influence on
the cell performance, the identity of the anion had a significant
impact, especially in the anodic reaction due to its effect on
pH. Our investigation suggests that on the nickel mesh anode,
the OER becomes less favorable under neutral conditions due
to increased competition with the FOR. Therefore, operating
in an alkaline environment is essential to both thermodynami-
cally and kinetically favor the OER on the nickel anode. Post
mortem electrode characterization using SEM, XPS, and XRD
revealed the presence of potassium carbonate on the GDE
surface, along with an increase of reduced Bi0 (cathode) and
oxidized NiO/Ni(OH)2 (anode) species during operation.

ICP−MS analyses showed no sign of nickel leaching into the
anolyte, indicating the stability of the nickel mesh. Techno−
economic analyses demonstrate the improved economic
viability of the ZG configuration with the nickel mesh,
emphasizing the need for further cell development to enhance
eCO2R selectivity to formate at high current densities for
achieving economic competition at the industrial scale.
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