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Role of the Binder in Mitigating Salt Deposition in
100 cm® Membrane Electrode Assembly CO, Electrolyzers

Laura Gatti,* Sara Verhovez, Alessio Mezza, Marco Etzi, Stefano Stassi,

Candido F. Pirri, and Adriano Sacco*

The electrochemical reduction of carbon dioxide offers a promising approach to
reduce CO, emissions while producing valuable chemicals. To date, CO pro-
duction in membrane electrode assembly (MEA) electrolyzers employing anion
exchange membranes results as the most industrially viable setup. However,
industrial applicability of this technology is limited by the salt precipitation
problem that compromises long-term operation. In this study, we first sys-
tematically optimized key electrode components using a 5 cm? commercial cell
and then validated the results in 25 and 100 cm? electrolyzer under ambient
conditions. Among the investigated parameters, the polymeric binder emerges as
a critical element influencing both selectivity and stability, due to its impact on
salt accumulation. In the 100 cm? electrolyzer, long-term electrochemical
measurements conducted at industrially relevant current density (300 mA cm ?)
demonstrate significantly greater stability with PiperlON—based cathodes, which
maintained faradaic efficiency toward CO larger than 80% for 40 h operations,
while Sustainion-based electrodes show a 60% drop after just 20 h. Cross-sec-
tional elemental mapping confirms a direct correlation between the ionomeric
binder and Cs salt accumulation in the electrode. This work provides valuable
insight into mitigating salt formation and enhancing electrode longevity in large-
scale MEA electrolyzers by efficiently tailoring the ionomeric binder.

1. Introduction
COStS.[ZS’ZG]

and fuels.? CO,R can be easily coupled
with intermittent renewable electricity sour-
ces,”) operating at ambient temperature (T)
and pressure, therefore representing an
attractive alternative to processes relaying
on fossil feedstock.** In the last decade,
researchers have mainly focused on a lab
scale systems, adjusting catalyst,'®”) mem-
branes,®? and reactor configuration!'” to
improve mass transport and guide the selec-
tivity of CO,R toward single carbon prod-
ucts (C,), such as carbon monoxide (CO)
and formate, or multicarbon (C, ) products
like ethylene, ethanol, and propanol.l'**
At large scale, technoeconomic studies
have shown that electrochemical CO,R
approach can be economically feasible.!"*!
However, to meet industrial benchmarks,
the electrolyzers must achieve energy effi-
ciency (EE) exceeding 50%, current densi-
ties (j) above 200mAcm ? and low cell
potential (<3.0V), while addressing opera-
tional obstacles associated to the cell size
increasing."”* In-plane pressure varia-
tion,?”! long-term stability,*"! separation of
products,®? and reactor design!®*** limit

the process viability leading to increased investment and process

The electrochemical reduction of carbon dioxide (CO,R) has
been identified as a promising approach to compensate anthro-
pogenic CO, emission, while generating high value chemicals
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Among the different products, the electrochemical reduction
of CO, to CO results as the most industrially feasible approach,
due to his high selectivity, large current densities, and simple
separation of the gas product from the electrolyte.””%! To date,
successful and selective examples of large-scale electrochemical
CO;,R electrolyzers have been achieved using gas diffusion elec-
trodes (GDEs) and zero-gap membrane electrode assembly
(MEA) configuration.**?

The use of a GDE enables a short gas-phase pathway to the
catalyst surface, overcoming limitations related to CO, low solu-
bility and mass transport in aqueous electrolytes.**=%! In the
zero-gap configuration, an ionic active polymer membrane is
directly sandwiched between two catalytic active electrodes, while
liquid electrolyte recirculates only through the porous anode,
reducing Ohmic losses and cell resistance.?¢*”!

Efficient and industrially relevant CO, to CO conversion rates
have been achieved with this configuration employing anion
exchange membranes (AEMs).?* % In fact, in AEM-based electro-
lyzers, the alkaline environment suppresses the competing hydro-
gen evolution reaction (HER).[**?! However, a major challenge in

© 2025 The Author(s). Advanced Energy and Sustainability Research
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these devices is the long-term stability, which is compromised by
salt formation in the cathode chamber.

Under applied negative potentials, alkali metal cations (M)
migrate from the anode to the cathode. The cations migration
through the anionic membrane essentially enables**** and
accelerates! the CO,RR, by stabilizing the reaction intermedi-
ates. However, at the cathode in a CO, and OH™ rich environ-
ment (Equation (1)), these hydrated cations react with carbonate
and bicarbonate anions forming salt deposits (Equation (2)).

CO, + H,0 + 2¢~ — CO + 20H~ (1)
CO, +20H~ + 2M* — M,CO; + H,0 2)

Due the humidified and continuous gas flow, the salts slowly
move from the membrane-cathode interface through the GDE pre-
cipitating to the back of the electrode and in the electrolyzer flow
field.*®! The salt deposits progressively create pressure buildup
and obstruct CO, access to the catalyst surface, ultimately leading
to the promotion of HER and the electrolyzer failure.*”!

To mitigate this problem and increase long-term operation,
several strategies have been proposed. Active strategies include
periodic change in the operational state of the electrolyzer, while
passive procedures have a continuous effect on the system.!*®! In
particular, Endrodi et al. have proposed a purge of water and sol-
vent to rinse the deposits and reactivate the cathode. While per-
forming intermitted cycle of cleaning and activation of the
electrode, they were able to operate a deionized water-fed CO,
electrolyzer for over 200h working at j = 420 + 50 mA cm™>
and T= 60 °C."*) However, later work from the same group ques-
tioned the rinsing procedure as a viable long-term solution,
because effective cleaning within GDE structure requires the
application of significance pressure, which may compromise
the electrode integrity.*>"!

Xu et al.’? have reported employment of a periodic regenera-
tion voltage to actively redistribute ions within the MEA, by alter-
nating between operational steps at 3.8 V. and regenerative
phases at 2.0 V. Without a regenerative voltage, the electro-
lyzer fails after only 10 h due to salt formation, while 236 h were
achieved with pulsed electrolysis. However, the industrial feasi-
ble employment is limited compared to static operation, due to
decrease in production and increased cost.”**)

To passively mitigate salt accumulation, various operational
parameters have been systematically evaluated and validated.
Ramdin et al.>* have investigated the effect of six different binding
materials on the electrode stability. Their findings showed that
when employing flood-resistant GDE the binder hydrophobicity
is not essential for stable operation. However, the stability was only
evaluated with short-term measurement (<200 min) and in 5 cm*
electrolyzer. Several studies have attempted to quantify the migra-
tion of alkali cations over time in MEA systems. Considering the
crucial roles of the alkali cations, Kamiya et al.®* have conducted a
quantitative evaluation to correlate the CO,R activity with cations
migration to improve the system stability. Cofell et al.* investi-
gated the location and degree of salt precipitation for different ano-
Iytes, including various alkali cations, using post-mortem scanning
electron microscopy of the GDE.

At a larger scale, Endrédi et al.l*?! experimentally validated the
effects of temperature and commercial AEMs on salt deposition.
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By optimizing these parameters, they reached more than 100 h of
stable operation using a 100 cm? custom MEA cell. Similarly,
Biemolt et al.*®! employed inductively coupled plasma (ICP) meas-
urements to quantify the rate of cations accumulation at prede-
fined operating times, thereby verifying the combined effects of
the metal cation, anolyte concentration, temperature, and mem-
brane properties. Their optimized configuration, which included
high alkali soluble caesium cation (Cs™) and T = 60 °C, enabled
continuous cell operation of 144 h. However, among all the differ-
ent operational parameters studied, the role of the binder has not
been extensively investigated in large-scale electrolyzers.

In this work, we successfully scaled up a zero-gap MEA elec-
trolyzer for CO production, from 5 cm? to 100 cm? under ambi-
ent conditions. To enable this transition, we systematically
investigated the passive influence of various electrodes compo-
nents in a 5 and 25 cm? electrolyzers. We optimized the loading
of silver nanoparticles (NPs) and ionomeric binder to minimize
initial costs and screened five different hydrophobic substrates,
adjusting cell compression based on both substrate characteris-
tics and electrolyzer size. The combined and optimized param-
eters were successfully validated in a 100 cm? cell.

To the best of our knowledge, for the first time we identified
the ionomer binder as the critical element influencing both selec-
tivity and electrode stability. Here, indeed we demonstrated a
direct correlation between the binder performance and salt accu-
mulations, thereby essentially affecting the electrode long-term
stability. This work provides valuable tools to understand and tai-
lor electrode components to mitigate salt accumulation and
increase long-term stability in large-scale CO, electrolyzers.

2. Results and Discussion

Aiming to meet industrial benchmarks, initial optimization
focused on enhancing the faradaic efficiency (FE) toward CO
and reducing the cell overpotential at the laboratory scale using
a 5 cm? commercial MEA electrolyzer.

The MEA cell was assembled by compressing a Sustainion
x37-50 Grade-RT AEM between a silver-based GDE and a tita-
nium felt coated with IrO, at a loading of 2.5 mgcm™2. The
cathode GDEs were prepared by automatically spray coating
an optimized ink dispersion containing Ag NPs (Figure S1,
Supporting Information) onto commercially available gas diffu-
sion layer (GDL) carbon papers. The anode was prepared adopt-
ing either dip-coating or spray coating techniques depending on
the electrolyzer size, to achieve homogeneous deposition (Figure
S2-S3, Supporting Information). During operation, humidified
CO, was fed to the cathode, while 0.1 M CsHCOj; anolyte was
continuously recirculated through the anode.

The investigation primarily targeted the cell main components,
especially the cathode manufacturing, which offers most degrees of
freedom for performance improvements. As reported in Figure 1,
progressive variation of the Ag NPs loading from 0.5 mgcm™? to
1.5 mg cm ™2 showed negligible change of the FE¢o which remained
consistently over 90% at a current density of 300 mA cm™2 during
chronopotentiometry (CP) measurements. Given this result, the
low loaded catalyst was selected among other samples to facilitate
a future scale-up, aiming to reduce initial costs related to the
amount of catalyst employed.””)
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Figure 1. FEs for CO and H, (bars, left axis) and cell potential (red points,
right axis) recorded with CP measurements at j = 300 mA cm ™2, employ-
ing silver-based cathodes with increasing catalyst loading. 0.1 M CsHCO;
was employed as the anolyte.

After selecting the minimal catalyst loading, a systematic
screening of various substrates was performed. Five different
commercial GDL carbon papers (Sigracet 28BC, Sigracet 39BB,
Sigracet 22BB, Toray 60-MPL and Freudenberg H23C8) were
selected and electrochemically tested. To ensure controlled
and optimal compression, the cells were assembled accordingly
to the substrate’s thicknesses. The compression ratio was opti-
mized for each GDLs separately, starting with the gasket spacing
matching the total thickness of the cathode GDE, and the elec-
trochemical response was evaluated while gradually lowering the
cathode gasket thickness (Figure S4, Supporting Information).
Field emission scanning electron microscopy (FESEM) images
(Figure 2a—j) of the commercially available substrates were used
to reveal other characteristics, including surface cracking and
carbon fiber layers (CFLs) morphology which, as shown later,
would have an impact on the electrochemical performance
(Table S1, Supporting Information). However, all chosen sub-
strates contain a hydrophobic agent in the microporous layer
(MPL), where the effect of the polymer in the GDL has been stud-
ied and proven as fundamental elements to improving the cell
durability and efficiency.*®>%!

www.advenergysustres.com
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Figure 3. FEs (bars, leftaxis) and cell potential (red points, right axis) obtained
from CP measurements at j = 300 mA cm 2 using different commercial
carbon papers as substrates. 0.1 M CsHCO; was employed as the anolyte.

The electrochemical results in Figure 3 showed that the Sigracet
28BC and Toray60MPL exhibited the best performance, maintain-
ing FEo steadily over 90%. Although the Sigracet 39BB and 22BB
also share straight-like carbon fiber arrangement, their perform-
ances were significantly different compared to the best performing
substrates. This discrepancy is probably due to their difference in
porous structure and morphology of the surface cracking, which
highly influence other crucial properties like the wettability and
cell resistance./*®” The Freudenberg H23C8 showed subpar perfor-
mance compared with the others, which may be correlated to its
different surface morphology and spaghetti-like fiber structure,
which may affect the GDL’s wetting properties.[®"! Slight variation
was found in the cell overpotential, with the thicker GDLs
(i.e., SGC39BB and Toray60MPL) generally leading to higher cell
voltage. Electrochemical impedance spectroscopy (EIS) analysis
reported in Table S2, Supporting Information, and based on
methodical experimental data (Figure S5, Supporting Informa-
tion) showed that electrodes with comparable thicknesses, e.g.,
the SGC22BB and SGC28BC, exhibited lower charge-transfer
resistance when higher porosity and surface cracking were pres-
ent, implying better CO,R performance.**%? Furthermore, when

Figure 2. FESEM images of a—e) MPL and f—j) CFL sides of GDEs prepared by spray coating Ag NPs (0.5 mg cm™2) onto five different commercial carbon
papers: (a,f) SGC28BC, (b,g) SGC22BB, (c,h) SGC39BB, (d,i) FreuH23C8, and (e,j) TorayOMPL. The images represent multiple samples and reflect

consistent morphology within each type of GDL.
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comparing electrodes with similar charge transfer resistance but
different carbon fiber morphologies, e.g., the SGC28BC (straight
fiber) and FreuH23C8 (spaghetti-like fiber), the former exhibits
higher double layer capacitance, indicating greater number of active
sites.®*® This suggests that, even at comparable charge-transfer
resistance, the straight fiber morphology enhances the accessibility
of active sites, improved selectivity and overall performance.

As a result, the SGC28BC was selected among the others as it
exhibited the best trade-off, leading to both high FEco and lower
cell potential, which are the crucial performances needed to
achieve feasible scaling up of the CO, electrolyzer.

Another fundamental component affecting the electrode activ-
ity is the polymeric binder, which not only provides catalyst adhe-
sion*% but also facilitates ions transport,[®®) modulating the local
pH on the catalyst surface and creating a favorable microenviron-
ment for CO,R. As presented in Figure 4a, four commercially
available ionomer binders were selected: Sustainion XA-9,
PiperION, Fumion FAA-3-SOLUT-10 and Nafion-117 disper-
sions. Initially, the various binders were tested in equal percent-
age (5% in relation to the amount of catalyst weight) to primarily

(@)

100

80

40

20

www.advenergysustres.com

evaluate and correlate the effect of their chemical structure and
charge to the electrochemical performance.'*®

The Nafion-117 is the only cation exchanging ionomer, com-
posed by a Teflon backbone functionalized with sulfonic group.
However, due to its limited OH" ions transport properties, it
exhibits subpar performance compared to the other binders.!*”!
Systematic EIS measurements (Table S3 and Figure S6, Support-
ing Information) confirm this performance: Nafion-117 exhibits
a lower double-layer capacitance, whereas the other ionomer
binders show no significant differences.

All the other binders are anion exchange ionomers. In partic-
ular, Fumion FAA-3 has a polyaromatic backbone with quater-
nary ammonium functional groups, based on a proprietary
hydrocarbon resin. While the best performing dispersions,
Sustainion and PiperION, present a rigid aryl backbone, respec-
tively, with an alkaline stable piperidinium group and an imida-
zolium-group. Nitrogen is a characteristic element in the
functional groups of anion exchange binder as it stabilizes the
reaction interacting with CO, and stabilizing CO,RR intermedi-
ates.[® Their proprietary backbone structure and functional

g >
] 8
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N
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Figure 4. Cell potential (red points, right axis) and FEs (bars, left axis) obtained from CP measurements at j = 300 mA cm ™2 of a) GDEs prepared with

various polymeric binders at a fixed catalyst to binder ratio (5% cat. wt.). b) Sustainion XA-9 and c) PiperlON -based GDEs tested increasing the content of

ionomers added in the dispersion ink, from 5% to 20% cat. weight. In all measurements, 0.1 M CsHCO; was employed as the anolyte.
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group significantly affect the ionic conductivity and the overall
cell performance.[*”!

The two best performing ionomers, Sustainion and PiperION,
were further investigated to define the optimal amount of binder
that enables the highest catalyst activity. In Figure 4b,c, a clear
trend emerged: increasing binder content led to progressively
higher cell resistance and overpotential, as well as lower FEcq in
agreement with previous literature.””! This effect was particularly
pronounced when increasing from 10% to 15% catalyst weight
(cat. wt.), which resulted in a progressive decline in performance.
An increased binder content typically reduces the electrode con-
ductivity due to limited electron transfer and simultaneously
decreases the availability of active sites.”"! As a results, the 5% cat.
wt. of ionomer binders emerges as the optimal amount consider-
ing the component cost, reduced conductivity, and activity of the
electrodes.

To further investigate the effect of the ionomer binder on salt
accumulation, caesium distribution maps were performed employ-
ing energy-dispersive X-ray (EDX) Spectroscopy. Figure 5 presents
the cross-sectional EDX maps illustrating the Cs accumulation in
the spent electrodes prepared with the different ionomers (5% cat.
wt.), after 1 h of operation (to provide additional context, Figure S7,
Supporting Information presents, the distribution of the Ag cata-
lyst onto the electrodes). All electrodes maintained stable FEs
throughout this period (Figure S8, Supporting Information).
However, the Nafion-117 and Fumion FAA-3-SOLUT-10 samples,
which exhibited the lowest selectivity, also showed a greater accu-
mulation of Cs salts."!

On the other hand, the electrodes with higher and comparable
selectivity toward CO, i.e., PiperION and Sustainion, displayed sig-
nificantly salt deposition. This suggests that low CO,R selectivity,
increases the competitive HER which promotes salt formation, as
unreacted CO, remains available for carbonation reactions,
thereby reducing the stability of the electrolyzer.®”%

The shortterm 1h electrochemical measurement showed a
comparable selectivity between the PiperION- and Sustainion-
based GDEs. However, the Cs mapping demonstrated a minor
Cs concentration in the PiperlON-based electrode. To further
validate a possible correlation between ionomer type and cat-
ions accumulation, we conducted long-term electrochemical

www.advenergysustres.com

measurements up to failure at industrially relevant current density
(j = 300 mA cm™?).

Before doing this, we increased the scale of the reactor, mov-
ing toward the real-world application, and tested the optimized
recipe for electrode production first in a 25cm? reactor and
then in a 100 cm? reactor. As shown in Figure S9, Supporting
Information, increasing the reactor size, it was necessary to pro-
gressively increase the total cell compression, until proper elec-
trical contact was reach. Nevertheless, as exhibited in Figure S10,
Supporting Information, scaling up the electrolyzer size, the
overall cell performances were kept stable at all investigated cur-
rent densities (100 to 300 mA cm™?).

Therefore, to exclusively validate the role of ionomer, electro-
des for long-term operations were prepared with equal catalyst
loading, substrate, cell compression, and amount of ionomer
binder and operated with identical parameters.

As showed in Figure 6 and Figure S11, Supporting Informa-
tion, the continuous operation clearly confirms a more stable
performance with the PiperION electrode. After only 20h of

1.00 -
—— PiperlON®
Sustainion® XA-9
0.7547\
N

L

S 050

O
0.254
0.00 T T T 1

0 10 20 30 40

Time (h)

Figure 6. CO to H, production ratio during CP measurements (j =
300 mA cm™?) in a 100 cm? cell, employing 5% cat. wt. Sustainion XA-9 (blue)
and PiperlON (red)-based GDEs. The anolyte solution employed is 0.1 m
CsHCO; with flow rate of 100 mL min~", humidified CO, fed to the cathode
with a flow rate of 420 mL min~"', at room temperature and pressure.

Caesium
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Micro Porous
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Nafion-117
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PiperlON®
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Figure 5. Cross-sectional SEM-EDX images showing Cs distribution in GDEs with different types of ionomer binders (5% cat. wt.), after 1-h CP measure-

ments (j = 300 mAcm™?). 0.1 M CsHCO; was employed as the anolyte.
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operation, the Sustainion-GDE experienced a 60% decrease in
FEco, while the PiperION-containing electrode exhibited only
a 20% reduction in efficiency for 40h of operation. The use
of the PiperION binder resulted in a minimum 100% improve-
ment in stability, doubling the operational time from 20 to 40 h,
without failure.

These results may validate the hypothesis of a direct correla-
tion between the binder’s properties, salt accumulation and
consequently electrode degradation. Initially, in short-term
experiments the ionomer’s chemical structure provides good
and comparable ionic conductivity for both the Sustainion-
and PiperION-based electrodes.*?) However, during extended
electrochemical operation the polymer stability may significantly
decrease due to possible nucleophilic substitution and ring-
opening reactions affecting the functional groups.®*”*~> The
six-membered piperidinium rings are more sterically protected
and chemically stable than the imidazolium rings, making
PiperION more resistant to degradation. The ionomers degrada-
tion may reduce the CO,R performance and lead to salt forma-
tion and cell failure.’®””!

This association between the ionomer role and cell stability is
further validated by the cross-sectional SEM-EDX images that
show the Cs distribution in the spent anionic binder-based elec-
trodes after 20 and 40h of operation at a current density of
300 mA cm ™2 in a 100 cm? electrolyzer. As shown in Figure 7,
despite the shorter operational period, the 20-h Sustainion-based
GDE still exhibits a significantly higher accumulation of Cs
deposits (Figure S12, Supporting Information) compared with
the 40-h PiperION-based electrode, while in short-term experi-
ments, the ionomer-based electrodes exhibited comparable selec-
tivity; over longer operation, the ionomeric binder substantially
impacts the stability.”®!

Collectively, these results provide evidence that the polymeric
binder can significantly influence CO, selectivity through its
backbone structure and functional groups.”® However, we also
proved that the choice of binder can profoundly affect cation
accumulation, promoting salt deposition, thereby compromising
the long-term stability of the electrolyzer.

Sustainion® XA-9

PiperlON®

Carbon Fiber
Layer

Micro Porous
Layer

20-hours 40-hours

Figure 7. Cross-sectional SEM-EDX images showing Cs distributionin 5% cat.
wt. Sustainion XA-9 and PiperlON based GDEs (5% cat. wt.), after 20- and 40-h

CP measurements (j = 300mAcm™2) in a 100cm? electrolyzer. The

anolyte solution employed is 0.1 M CsHCO; with flow rate of 100 mLmin~",

and humidified CO, fed to the cathode with a flow rate of mL min~".
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3. Conclusion

In this study, we successfully performed an initial scale-up of a
commercial zero-gap MEA electrolyzer from 5cm? to 100 cm?,
maintaining high performance under ambient temperature and
pressure conditions. A systematic investigation was conducted
on key electrode components as catalyst loading, GDL substrates,
cell compression, content, and binder types while increasing the
electrolyzer active area. We identified and optimized the critical
parameters influencing the electrochemical reduction of CO, to
CO, to reach on a larger scale FEco >90% at industrially relevant
current density of 300 mA cm™2.

Through this analytical approach, we further demonstrated
the crucial role of polymeric binders, not only affecting selectivity
but, more importantly, in determining long-term operational sta-
bility. In a 100 cm? electrolyzer, under identical operating condi-
tions, the PiperION based electrode maintained stable CO
selectivity for up to 40h, experiencing only a 20% decline in
FEco. In contrast, the Sustainion-based GDE exhibited a 60%
drop in selectivity after just 20 h. These findings were supported
by Cs distribution mapping, during short and long-term opera-
tion, which confirmed a lower Cs accumulation in the PiperION-
based electrodes.

Overall, the results highlight a direct correlation between
the binder structure and electrode degradation, indicating that
improper ionomer selection can essentially accelerate cell failure
via salt precipitation. Collectively, this work provides detailed
insights into how to passively mitigate the salt formation and cell
failure in large scale MEA electrolyzer by effectively tailoring the
electrode components. These findings underscore the crucial
importance of a complete and continuous evaluation of the elec-
trode components during long-term operation, to fully compre-
hend their influence on performance and durability. Future
research should aim to adapt this knowledge to noncommercial
catalysts to further support their implementation in larger scale
CO; electrolyzers.
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