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ABSTRACT: The electrochemical CO2 reduction reaction
(CO2RR) in a membrane electrode assembly (MEA) efficiently
turns CO2 into a feedstock. However, unfavorable steady-state
concentrations of ions in the cathode compartment result in salt
formation if unaddressed, which restricts the access of CO2 and
causes cell failure. Here, we systematically show the relationship
between salt accumulation and four system parameters
including cation species, anolyte concentration, membrane
thickness, and operating temperature. To compare each metric,
we quantified the cation accumulation rate at predefined
operating times. Notably, we show that operating at temper-
atures above 50 °C with properly humidified CO2 stream fully
avoids salt formation. We further show that combining separate
operating conditions is also highly effective, showing operation for >144 h with no measurable salt deposition at 200 mA/cm2.
Collectively, our work systematically demonstrates that salt formation is a prevalent yet surmountable CO2RR challenge that
can be overcome by elevated cell temperatures or switching to more soluble alkali cations.

Tapping into carbon dioxide (CO2) as an industrial
feedstock for carbon-based compounds is a necessary
but substantial challenge for a circular economy.1,2

Due to CO2’s inherent stability, the initial conversion step is
particularly energy demanding. The electrochemical CO2
reduction reaction (CO2RR) is one means of utilizing electrical
energy to break apart CO2.

3−5 Efficient and relevant CO2RR
rates are reached through zero-gap membrane electrode
assemblies (MEA).6,7 Here, the poor aqueous solubility of
CO2 is overcome through a gas−liquid interface near the
catalyst layer, with the short diffusion pathways of CO2
maintained by gas diffusion electrodes (GDE).8,9 In these
reactor configurations, near-unity selectivity toward CO2RR
can be achieved near ampere-level current densities with
modest energy efficiencies.10−13

Under such conditions, however, CO2 can also react with
alkaline CO2RR byproducts (OH− in eq 1) to create a local
alkaline environment favorable for the formation of (bi)-
carbonate salts (eq 2).14−16 Salt formation occurs when the
carbonate produced at the cathode sufficiently accumulates,
and pairs with cations migrating across the anion exchange
membrane (AEM), exceeding the solubility limit.17,18 Ideally,
all anions formed at the cathode would migrate across the
AEM without accumulating, while cations would be rejected by

the AEM’s fixed charges. Yet, cations do migrate over the AEM
and the resulting salt formation blocks CO2 flow to the
catalyst, resulting in decreased Faradaic efficiencies, and can
further build up pressure in the gas channel.17,19 Such salt-
related failure of the CO2RR systems is untenable for industrial
operation.

+ + +CO H O 2e CO 2OH2 2 (1)

+ + ++CO 2OH 2K K CO H O2 2 3 2 (2)

Cation and (bi)carbonate concentration management at the
cathode is thus crucial in preventing salt formation, as at the
most standard MEA operation conditions (>200 mA cm−2),
salt related time-of-failure is a few hours. Several delaying
approaches have been proposed, as we describe in our recent
perspective on this subject,17 translating into four key
operational parameters for salt prevention: cation species,20
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anolyte concentration,21 temperature,22 and membrane trans-
port properties (Figure 1).23 These operational conditions
positively impact ion accumulation and transport phenomena,
which are described through electroneutrality and the Nernst−
Planck equation:

= +

+

J x t D
C x t

x
D z F
RT

C x t
x t
x

C v x t

( , )
( , )

( , )
( , )

( , )

i i
i i i

i

i (3)

= + +flux diffusion migration advection

where Ji is the flux of ions, Di is the ion’s diffusivity constant, Ci
is the ionic concentration, zi is the ion’s electronic charge, F is
Faraday’s constant, R is the ideal gas constant, T is the
temperature, ϕ is the electric potential, and v is the fluid
velocity. In a zero-gap MEA cell, the advection component is
negligible. Thus, ion transport is heavily determined by the
cell’s potential gradient (migration), the anode-to-cathode
concentration gradient (diffusion), and the Donnan exclusion
factor of the AEM (membrane transport properties).24,25

Separate from transport phenomena, the solubility product is
further influenced by temperature and cation species.26

A few rigorous studies have tried to provide quantitative salt-
related cell failure comparisons in MEA systems. For example,
Cofell et al. determined the location and degree of salt
precipitation for different anolytes, including different alkali
cations, hydroxides, and (bi)carbonates, through post-mortem
scanning electron microscopy of the GDE.16 Similarly, Garg et
al. further analyzed the entire GDE with operando wide-angle
X-ray scattering at different anolyte concentrations and alkali
cation species.20 The highlighted precipitation locations at the
different operational conditions agreed well with the work of
Disch et al.27 Kong et al. also elucidated the salt precipitation
location in the GDE using energy-dispersive X-ray mapping yet
combined it with inductively coupled plasma mass spectrom-
etry to determine the salt accumulation.28 Importantly, most
studies compared different time-to-failures for mostly one or
two operational parameters, where the analysis of salt
precipitation was qualitative. To accurately determine the
effectiveness of a variety of operational conditions (e.g., cation
concentration/species, temperature, etc.) in salt formation, a
quantitative measure of salt formation is required.29 Preferably,

this methodology can track ion buildup on short time scales
and yield an indication of the potential of the cell to suffer
from salt-related cell failure. Only then can we come to a
combined approach which fully overcomes salt precipitation as
a challenge plaguing CO2 electrolysis at various current
densities.
Here, we quantified cation accumulation rates at the cathode

of a zero-gap CO2 electrolyzer over a broad parameter space
consisting of anolyte concentration, cation species, membrane
transport properties, and temperature. Despite the complex
transport phenomena, we show how the cation accumulation
varies with each of the parameters, offering a predictive value
for the potential of the cell to suffer from salt-related cell
failure, through only a simple 2-h experiment. Simultaneously,
we identify the conditions that are most likely to mitigate salt
formation in CO2 electrolyzers entirely. For example, raising
the cell temperature has the greatest effect, reducing cation
accumulation rates by 50-fold (from 3.6 to 0.08 μmol K+ min−1

cm−2), while fully avoiding salt formation over the examined
time period. Last, we show that combining two or more salt
mitigation strategies together (e.g., cesium-based anolyte +
thinnest membrane) provides a substantially reduced cation
accumulation rate (from 0.12 to 0.032 μmol Cs+ min−1 cm−2)
and thus lowered the potential for the cell to suffer salt-related
cell failure. We show a complete avoidance of salt formation
over 144 h at a current density of 200 mA cm−2, while
maintaining a high anolyte concentration.
A challenge to overcoming salt formation is first through its

quantification. There are several options to quantify salt related
time-to-failure besides the earlier mentioned post-mortem
scanning electron microscopy and operando wide-angle X-ray
scattering, each with their own merits. Monitoring electrode
potential, Faradaic efficiency (FE), gas flows, and pressures can
all identify cycles of salt formation and flow channel blockage,
for example (Figure S1). These means are qualitative and
indirect regarding the actual salt formation itself, however, and
do not yield a quantitative measure of the salt accumulation.
For example, changes to FE or pressures may only occur after
substantial salt precipitation throughout the flow channel, yet
the same changes will occur through a small amount of salt
blockages at the inlet of the reactor. Thus, correlating trends in
failure time with varied parameters using only qualitative salt

Figure 1. The electrochemical and chemical reaction pathway leading to salt formation in the cathode of a CO2 electrolyzer (left). A
representation of the strongest control knobs to mitigate salt formation by enabling improved ionic transport (right).
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indicators is then challenging due to large statistical variation in
salt formation location and the criticalness of the location to
cell operation. Additionally, these qualitative salt formation
measurements through traditional means may require operat-
ing for 50−100 h. Systematically evaluating a large parameter
space with such long experiments combined with variability is
then experimentally onerous. Thus, a better approach is
needed.
As an alternative approach to quantifying salt formation, we

instead focus on the direct measurement of the cation
accumulation rate in the cathode compartment. In theory,
the cationic accumulation over time follows a logarithmic
curve, sketched in Figure 2a, that plateaus at a concentration
level at which the electromigration and diffusion terms become
equal (equalization concentration). While in a zero-gap
configuration the initial cationic concentration at the cathode
is zero, the rapid concentration increase at the cathode induces
a cation back-diffusion over the membrane. Salt formation thus
occurs when the equalization concentration is above the
solubility product (Figure 2b), where the rate of salt formation
is constant (any additional flux goes out of the cathode−
membrane interface as salt without altering steady state). In
this regard, our studied operational parameters (e.g., anolyte
concentration, cation species, membrane transport properties,
and temperature) either increase the solubility limit or alter the
equalization concentration (by affecting electromigration and/
or back-diffusion). The closer the solubility limit and
equalization concentration are to each other, the less likely
salt-related cell failure occurs and consequently translates to a
lower cathode cation buildup. We can thus use the cation
accumulation rate to compare the effectiveness of the
operational parameters on reducing the potential to suffer
from salt-related cell failure.
We can measure the cation accumulation by flushing a fixed

aqueous volume through the cathode compartment (including
the cathode and cathode flow channels) and determine the

buildup of cations by ion chromatography. This method is
similar to the method of Kong et al., who used soaking the
GDE in a fixed aqueous volume combined with inductively
coupled plasma mass spectrometry to determine the salt
accumulation.28 Assuming electroneutrality, the cation buildup
is correlated with the accumulation of (bi)carbonate species.
Yet, we do not want to assume that the salt accumulation
determination will be reliable within the entire cell operation
window. As such, we measured cation accumulation at
different 15 min intervals (through separate experiments) for
an experiment that we know exhibits salt-related flooding after
∼60 min and catastrophic failure after 90 min (Figure 2c). As
shown in Figure 2d, the cation accumulation has a significantly
low error margin at 15 and 30 min, where we assume a
reproducible quasi-steady state in ionic transport. Yet, the
cation accumulation becomes unreliable between 45 and 60
min, coinciding with the first performance-based signs of salt
formation in Figure 2c, as the formed salt alters the GDE
flooding state, main charge carrier, and the local electrode
environment (breaking the established quasi-steady between
diffusion and electromigration). Our quantification of the
cation accumulation rate should thus be performed before
extreme salt formation occurs (before full cell failure).
Our established protocol is thus usable within the initial

period of an experiment, where the cation accumulation rate
correlates to the potential of the cell to suffer from salt related-
cell failure in the long term. When possible, the cation
accumulation rates are measured within the first 2 h of an
experiment to yield a better comparability. An important
caveat about the cation accumulation methodology, however,
is that rinsing of the gas channel may not dissolve all salts or
ionic species present within the gas-diffusion layer (due to the
hydrophobic nature of the macro- and microporous layers).
The method is then biased toward salt deposition in the gas
channel. Previous work has shown though that salt formation
begins at the catalyst layer and moves gradually into the micro-

Figure 2. (a) A sketch of the diffusion and migration fluxes, and the total cation accumulation over time, with representations of the
environments and flux contributions at different times. (b) The deviation of the cation accumulation (solid black arrow, representing the
continuous accumulation of cations) from the theoretic accumulation line (dashed blue line), based on a solubility limit; (c) the cell lifetime
depicted by the Faradaic efficiency toward CO for a cell operated with 0.5 M KHCO3 (where the × marks the failure moment at which the
flow rate was obstructed by salt formation, while a ⬢ mark indicates a salt-related flooding phenomenon); and (d) the potassium cation
concentration from the flushed cathode channels over the course of multiple experiments, average over two experiments with the error bar
(gray) representing the standard.
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and macroporous layers due to flooding and diffusion
effects.16,30 Thus, cation accumulation measurements taken
in the first couple of hours for very low accumulation rates are
likely less accurate than scenarios that see salt formation
earlier.
We then charted the cation accumulation rates at different

operational conditions (anolyte concentration, cation species,
membrane thickness, and temperature) using our developed
methodology, primarily focusing on determining the separate
and combined sensitivity of salt formation for each parameter.
All cell conditions and components are kept the same except
for the parameter under investigation (see Supporting
Information, Table S1). The baseline parameters then consist
of a 0.5 M KHCO3 anolyte, a 50-μm-thick Sustainion
membrane, ambient operating temperature, and a current
density of 200 mA cm−2. As a benchmark for our cation
accumulation measurements, separate experiments were
performed until salt-related cell failure (e.g., blockage of
GDE gas channels and/or sudden >10% drop in CO Faradaic
efficiency), so we can correlate at which cation accumulation
rate no salt-related cell failure occurs. We want to emphasize
that completely predicting time-until-failure is not possible
through the cation accumulation rate, as salt-related cell failure
is variable. Cation accumulation rates do predict the
vulnerability of cells to have salt-related cell failure and are
indicative of the operational time.
As cations come from the anolyte, altering the anolyte

concentration is one of the easiest ways to decrease cation
accumulation,20 as the diffusion flux (eq 3) is reduced by the
higher concentration gradients between the cathode and anode
(mind again that the cathode cation concentration during the
experiment is close to the solubility limit). As shown in Figure
3a, a nonlinear relationship between cation concentration and
failure time is observed when varying anolyte concentrations
(0.05, 0.1, 0.5, and 1 M KHCO3). A separate set of
experiments measured the cation accumulation on shorter
time scales (see Table S3). The cation accumulation in Figure
3b confirms the nonlinear behavior, but the nonlinearity is not
easily explained through eq 3. The exact modeling of this
nonlinear behavior is outside of the scope of this work.
However, Petrov et al. showed a logarithmic dependence of the

permselectivity on the concentration gradient for Sustainion,31

resulting in a decreased cation migration at lower concen-
trations. This combined with the higher diffusion rate when
lowering the concentration would follow an exponential line.
From Figure 3a and b, a direct comparison between cell

lifetimes and cation accumulation rates is not possible as the
exact failure mechanism is not the same for each cell. At high
anolyte concentrations (1 M KHCO3, Figure S2a), complete
CO2 blockage accounts for cell failure. At 0.5 M KHCO3
(Figure S2b), a salt-related flooding mechanism occurs just
prior to a critical blockage of the flow channels. Low anolyte
concentrations (0.1 and 0.05 M KHCO3, Figure S2c and d)
suffer mainly from salt-related cell flooding. This oscillatory
response is related to salt formation yet sets in before salt
reaches the cathode flow channel and blocks the system.19 Cell
failure thus does not always follow a fixed amount of cation
accumulation, making an exact estimation of the operational
time using cation accumulation impossible. Still, the
comparison between Figure 3a and b indicates that cation
accumulation rates of ∼1 μmol cm−2 min−1 are substantial
enough to result in a degree of salt-related failure. As the
exponential trend converges to a value of 0.8 μmol cm−2

min−1, we can conclude that lowering the anolyte concen-
tration alone will still cause salt-related cell failure.
Furthermore, lowering the anolyte concentration leads to an
increased cell potential (3.6 V at 1.0 M KHCO3 to 3.9 V at
0.05 M KHCO3, Table S2), lowering the energy efficiency of
the system. These two reasons (convergence to a value still
capable of causing salt-related cell failure and the increased cell
voltage) make lowering the anolyte concentration alone an
unviable salt mitigation strategy for potassium-based MEA
CO2 electrolyzers.
The next parameter examined is switching the cation species

from K+ to Cs+. Often, the increased solubility for Cs-based
bicarbonates (10.78 M) versus potassium (3.62 M) is used to
explain their better performance.26 Yet, the carbonate salts
share the same solubility of ∼8.0 M, yielding a possible
negligible effect for cesium. Still, CsHCO3 as an anolyte
provides an additional advantage of better CO2RR selectiv-
ity.32,33 Sodium and lithium are omitted here, as both will
show inferior solubility and CO2RR selectivity. The time-to-

Figure 3. (a) The cell lifetime and (b) cation accumulation at different anolyte concentrations and (c) lifetime of cells operated with cesium
and potassium bicarbonate anolytes and (d) cation accumulation rates of cesium and potassium bicarbonate anolytes with different
concentrations. See Tables S1 and S3 for the cell and cation accumulation conditions. The × marks the failure moment at which the flow
rate was obstructed by salt formation, while a ⬢ mark indicates a salt-related flooding phenomenon.
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failure experiment in Figure 3c indicates, at minimum, a 20-
fold extension of the cell lifetime (to 20 h), when switching
from 0.5 M KHCO3 to 1.0 M CsHCO3, with no observable
cell failure within this time frame (Figure S3). Furthermore,
when the cell is opened, no salt crystals are observed at the
back of the GDE or the flow channels, while a significant
volume of water was collected in the liquid trap. Similar results
were observed when decreasing the CsHCO3 concentration.
Interestingly, the cation accumulation rate for the 1.0 M
CsHCO3 cell exceeds the 3.7 μmol cm−2 min−1 of 0.5 M
potassium, with a value of 4.6 μmol cm−2 min−1 (Figure 3d).
While we cannot fully elucidate why cesium cells do not suffer
from salt-related cell failure under our conditions, as this lays
outside the scope of this work, the observed liquid in the liquid
trap points to accumulated cesium leaving the cell in a
dissolved state. The cation accumulation rate as a function of
anolyte concentration follows a trend similar to that of the
potassium-based cells, with lower concentrations significantly
lowering the cation accumulation rates. It is noteworthy that
these results are not explainable through the differences in
solubility of potassium and cesium salts considering the salt
failure of the 0.1 M KHCO3 cell but no failure for the 1 M
CsHCO3 cell. Overall, using cesium comes with a slightly
lowered cell voltage of 3.5 V, higher Faradaic efficiency to CO,
and thus significantly enhanced energy efficiency.
The least studied cell component in relation to salt-related

cell failure is the anion exchange membrane (AEM) and, in
particular, the AEM thickness. Both the diffusion and
electromigration terms in eq 3 depend on the distance (Δx),
with this distance being governed by the membrane thickness.
We used the Piperion membrane family with different
commercially available thicknesses, in addition to a standard
Sustainion case. We observe an increased lifetime for
decreasing membrane thicknesses (Figure 4a). Additionally,
Figure S4a−d show an accompanying trend of an increased
CO and diminished formate Faradaic efficiency (the missing
Faradaic efficiency fraction in silver-based CO2RR is often
attributed to formate). The altered Faradaic efficiencies
underline a distinct variation of the local electrode environ-

ment based on the membrane thickness, agreeing with both
the theoretic study by McCallum et al. and practical study by
Reyes et al.34,35 However, an in-depth explanation is beyond
the scope of this paper.
The cation accumulation rate increases linearly with the

membrane thicknesses (Figure 4b). Interestingly, the cation
accumulation rate for Sustainion (50 μm) fits within the
Piperion data remarkably well, countering our initial
hypothesis of Piperion outperforming Sustainion based on its
higher permselectivity.36 Simultaneously, our data indicate no
connection to a possible lower permselectivity for thinner
membranes, agreeing with the distinct threshold observed by
Zhang et al.37 Our data reveal that the linear relationship
between distance and (back-)diffusion in eq 3 dominates,
supported by the potential gradient not being affected by the
membrane thickness (see Supporting Information for explan-
ation). We do note that in the time-until-failure experiment,
Sustainion does not exactly fit the apparent trend. Here, we
argue that the difference in membrane water-uptake plays a key
role during the salt-related flooding phenomena. The results
also highlight that, while a thinner membrane helps in lowering
the cation accumulation rate, by itself, it would require
extremely thin membranes to effectively reduce cation
accumulation to manageable levels. Yet, thinner membranes
do enhance the CO Faradaic efficiency and lower the cell
potential (Table S2), with these two effects combined
enhancing the energy efficiency of the cell.
Last, the cell temperature plays a complex role in cation

accumulation and associated salt-related cell failure. Going
from room temperature to 30 °C, we see an increased cell
lifetime (Figure 4c) where the failure now occurs through salt-
related flooding indicated by the observed oscillations (Figure
S6a). Further increasing the temperature to 40 °C shows a
∼50-fold prolonged lifetime. At the end of the test, small salt
deposits were observed at the CO2 gas inlet, indicating the
difficulty with CO2 gas humidification at high temperatures.
Yet, no oscillation in the CO FE is observed (Figure S6b) and
now a nonsalt-related flooding is the failure mechanism. This
trend is extended at 50 °C, only showing a limited increase in

Figure 4. (a) The cell lifetime (* representing the Sustainion cell) and (b) the cation accumulation rates for different Piperion (■) and
Sustainion (●) membrane thicknesses and (c) the cell lifetime at room temperature (RT) and 40 °C and (d) the cation accumulation rates at
different cell temperatures (with ● representing the cell operated outside the oven). RT assumed at 20 °C. See Table S1 and S3 for the cell
and cation accumulation conditions. The × marks the failure moment at which the flow rate was obstructed by salt formation, while a ⬢
mark indicates a salt-related flooding phenomenon and ⧫ indicates pure flooding.
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cell lifetime compared to the 40 °C cell, with neither
observable salt in the flow channel nor oscillations in the cell
performance (Figure S6c). Accordingly, the plateau in the
cation accumulation rates (Figure 4d) indicates a tremendous
drop in the accumulation rate already above 30 °C. As we see
flooding as the main failure mode above 50 °C, we did not
perform long-term experiments at higher temperatures, and the
cation accumulation rates suggest the approach of a plateau in
cation accumulation at 0.08 μmol cm−2 min−1, thus
diminishing the effects. Still, as salt is not observed at these
high temperatures, we can speculate from Figure 4c and d, that
cation accumulation at 0.08 μmol K+ cm−2 min−1 is likely to
mitigate salt formation.
The effect of the temperature on the cation flux is multifold.

For one, the electromigration is inversely proportional to the
temperature (1/T), further reduced by an increased membrane
conductivity at higher temperatures (Table S3). While the
diffusivity (D) is also temperature-dependent, it would impact
both electromigration and diffusion equally for the same ionic
species. The cation back-diffusion will be enhanced by the
increased (bi)carbonate solubilities at elevated temperatures.38

Additionally, the higher water load of the CO2 gas stream at
elevated temperatures may lead to periodic dissolution of small
salt deposits, flushing the cathode compartment. Despite the
complex effects on the flux, Figure 4d suggests that the greatest
individual parameter for mitigating salt formation is elevated
cell temperatures. Regarding other cell performance metrics,
temperature is the only factor with both a positive and negative
effect on overall cell performance. As the cell temperature is
increased, the cell potential (Table S2) decreases, yet, above 30
°C we see a diminished Faradaic efficiency toward CO
(Figures 4c and S6a−c).

As shown in Figures 2−4, only elevated temperatures and
going towards cesium-based anolytes were able to significantly
mitigate salt-related failure at 200 mA cm−2. Furthermore,
comparing all cation accumulation rates against each other in
Figure 5a indicates that cation species and temperature are the
most sensitive parameters, with the common denominator
being enhanced solubility. We then aimed to combine effects
of the separate parameters, as we anticipate cumulative effects
for combinations based on the idea that transport phenomena
and steady-state local ion concentrations drive salt formation
conditions. The three different combinations below illustrate
the combinatorial benefits.
In case 1, we reflect on the combinatorial benefits for

cesium. While salt formation does not occur for this cation
species under our conditions, cations that migrated to the
cathode must still be recycled back to the anolyte reservoir in
an industrial process. As such, limiting the cation accumulation
is still of interest. Here, we then combined cesium (0.5 M
CsHCO3) with the best membrane (20 μm Piperion). As
shown in Figures 5b and S7a,b, the combined parameters in
case 1 achieved continuous operation for 144 h with no signs
of salt-related cell failure or flooding, with the test being
stopped manually. Neither anolyte replacement nor cathode
gas channel flushing was required. Case 1 achieves a significant
improvement compared to individual base cases with a cation
accumulation rate of only 0.032 μmol cm−2 min−1 (Figure 5c).
From case 1, we can again conclude that cesium-based CO2
zero-gap AEM MEA electrolyzers do not require elevated
temperatures to run without salt-related cell failure. As such,
we also tested no other combinations using cesium, as any
further improvement is not necessary.
Case 2 pairs the best membrane (20 μm Piperion), lowest

anolyte concentration (0.05 M KHCO3), and slightly increased

Figure 5. (a) A summary of the cation accumulation rates at our studied operation conditions. The case 1 (b) cell lifetime and (c) cation
accumulation rates for a combination of 20 μm Piperion membrane and 0.5 M CsHCO3 anolyte. The cation accumulation rate for (d) case 2,
comprising a 20 μm Piperion membrane, 0.05 M KHCO3 anolyte, and 30 °C cell temperature, and (e) case 3, comprising a 20 μm Piperion
membrane, 0.1 M KHCO3 anolyte, and 60 °C cell temperature. See Tables S1 and S3 for the cell and cation accumulation conditions. The ×
marks the failure moment at which the flow rate was obstructed by salt formation.
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cell temperature (30 °C), aiming to answer the question of
whether a potassium-based cell can operate without critical salt
formation without requiring elevated temperatures. The cation
accumulation rate of 0.28 μmol cm−2 min−1 (Figure 5d)
reveals still a significant salt formation tendency of this cell,
being larger than the elevated temperature cases. Based on the
cation accumulation rates of the elevated temperature cases, a
rate of 0.28 μmol cm−2 min−1 is still likely to facilitate salt-
related cell failure. Additionally, operating at low anolyte
concentration results in an initial oscillation in CO/H2
Faradaic efficiencies (Figure S8a) and potentials (Figure
S8b). We can thus conclude that salt mitigation is possible
only at elevated temperatures for potassium-based CO2
electrolyzers.
To see how effective combining different salt mitigation

strategies are at elevated temperatures, we combined the best
membrane (20 μm Piperion membrane), lower anolyte
concentration (0.1 M KHCO3) and high temperature (60
°C) in case 3. As we know, salt-related cell failure will likely
not occur (we already did not see salt-related cell failure at 50
°C), so we focused purely on the cation accumulation rate. We
could still observe a lowered cation accumulation rate
compared to solely running at 60 °C (Figure 5e), however
at diminishing returns (only a 39% decrease compared to the
60 °C parameter). In this sense, the optimized conditions still
aid in reducing the frequency of anolyte replenishment.
In this work, we showed the effectivity of cathode cation

accumulation as an indicator for salt-related cell failure, using
this to determine the effect of four key operating conditions
(anolyte concentration, cation species, membrane thickness,
and cell temperature) on the cell lifetime of zero-gap CO2
electrolyzers. We observed the lowest cation accumulation
when increasing the overall salt solubility, either through
elevated temperatures (50-fold reduction) or highly soluble
alkali cations (30-fold reduction). Combining the optimized
parameters reduces the cation accumulation rate further, with
the rates converging to a singular value. In the end, 144 h of
cell operation was demonstrated without salt formation. These
results highlight that salt formation in the CO2RR is a solvable
challenge with the right operating parameters.
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S.; Broekmann, P. Visualisation and Quantification of Flooding
Phenomena in Gas Diffusion Electrodes Used for Electrochemical
CO2 CO2 Reduction: A Combined EDX/ICP−MS Approach. J.
Catal. 2022, 408, 1−8.
(29) Kato, S.; Ito, S.; Nakahata, S.; Kurihara, R.; Harada, T.;
Nakanishi, S.; Kamiya, K. Quantitative Analysis and Manipulation of
Alkali Metal Cations at the Cathode Surface in Membrane Electrode

Assembly Electrolyzers for CO2 Reduction Reactions. ChemSusChem
2024, 17 (22), No. e202401013.
(30) Joensen, B.ør. O.; Zamora Zeledon, J. A.; Trotochaud, L.;
Sartori, A.; Mirolo, M.; Moss, A. B.; Garg, S.; Chorkendorff, I.; Drnec,
J.; Seger, B.; Xu, Q. Unveiling Transport Mechanisms of Cesium and
Water in Operando Zero-Gap CO2 Electrolyzers. Joule 2024, 8 (6),
1754−1771.
(31) Petrov, K. V.; Mao, M.; Santoso, A.; Ryzhkov, I. I.; Vermaas, D.
A. Design Criteria for Selective Nanofluidic Ion-Exchange Mem-
branes. J. Membr. Sci. 2023, 688, 122156.
(32) Monteiro, M. C. O.; Dattila, F.; Hagedoorn, B.; García-Muelas,
R.; López, N.; Koper, M. T. M. Absence of CO2 Electroreduction on
Copper, Gold and Silver Electrodes without Metal Cations in
Solution. Nat. Catal. 2021, 4 (8), 654−662.
(33) Monteiro, M. C. O.; Dattila, F.; López, N.; Koper, M. T. M.
The Role of Cation Acidity on the Competition between Hydrogen
Evolution and CO2 Reduction on Gold Electrodes. J. Am. Chem. Soc.
2022, 144 (4), 1589−1602.
(34) McCallum, C.; Gabardo, C. M.; O’Brien, C. P.; Edwards, J. P.;
Wicks, J.; Xu, Y.; Sargent, E. H.; Sinton, D. Reducing the Crossover of
Carbonate and Liquid Products during Carbon Dioxide Electro-
reduction. Cell Rep. Phys. Sci. 2021, 2 (8), 100522.
(35) Reyes, A.; Jansonius, R. P.; Mowbray, B. A. W.; Cao, Y.;
Wheeler, D. G.; Chau, J.; Dvorak, D. J.; Berlinguette, C. P. Managing
Hydration at the Cathode Enables Efficient CO2 Electrolysis at
Commercially Relevant Current Densities. ACS Energy Lett. 2020, 5
(5), 1612−1618.
(36) Espinoza, C.; Kitto, D.; Kamcev, J. Counter-Ion Conductivity
and Selectivity Trade-Off for Commercial Ion-Exchange Membranes
at High Salinities. ACS Appl. Polym. Mater. 2023, 5 (12), 10324−
10333.
(37) Zhang, B.; Gao, H.; Xiao, C.; Tong, X.; Chen, Y. The Trade-off
between Membrane Permselectivity and Conductivity: A Percolation
Simulation of Mass Transport. J. Membr. Sci. 2020, 597, 117751.
(38) Merck. Solubility Table of Compounds in Water at Temper-
ature. https://www.sigmaaldrich.com/NL/en/support/calculators-
and-apps/solubility-table-compounds-water-temperature (accessed
August 5, 2024).

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c03242
ACS Energy Lett. 2025, 10, 807−814

814

https://doi.org/10.1002/ange.202408412
https://doi.org/10.1002/ange.202408412
https://doi.org/10.1002/ange.202408412
https://doi.org/10.1126/science.aay4217
https://doi.org/10.1126/science.aay4217
https://doi.org/10.1038/s41560-021-00813-w
https://doi.org/10.1038/s41560-021-00813-w
https://doi.org/10.1038/s41560-021-00813-w
https://doi.org/10.1039/D2TA09966G
https://doi.org/10.1039/D2TA09966G
https://doi.org/10.1039/D2TA09966G
https://doi.org/10.1021/acsami.0c21997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c21997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c01885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201902547
https://doi.org/10.1002/cssc.201902547
https://doi.org/10.1016/j.joule.2023.01.013
https://doi.org/10.1016/j.joule.2023.01.013
https://doi.org/10.1016/j.joule.2023.01.013
https://doi.org/10.1039/D2EE03725D
https://doi.org/10.1039/D2EE03725D
https://doi.org/10.1039/D2EE03725D
https://doi.org/10.1149/2.0501815jes
https://doi.org/10.1149/2.0501815jes
https://doi.org/10.1149/2.0501815jes
https://doi.org/10.1039/D3EY00224A
https://doi.org/10.1039/D3EY00224A
https://doi.org/10.1039/D0EE02589E
https://doi.org/10.1039/D0EE02589E
https://doi.org/10.1039/D0EE02589E
https://doi.org/10.1039/D0EE02589E
https://doi.org/10.1016/j.memsci.2018.03.051
https://doi.org/10.1016/j.memsci.2018.03.051
https://doi.org/10.1016/j.memsci.2014.07.053
https://doi.org/10.1016/j.memsci.2014.07.053
https://doi.org/10.1016/j.memsci.2014.07.053
https://doi.org/10.1038/s41467-022-33694-y
https://doi.org/10.1038/s41467-022-33694-y
https://doi.org/10.1038/s41467-022-33694-y
https://doi.org/10.1016/j.jcat.2022.02.014
https://doi.org/10.1016/j.jcat.2022.02.014
https://doi.org/10.1016/j.jcat.2022.02.014
https://doi.org/10.1002/cssc.202401013
https://doi.org/10.1002/cssc.202401013
https://doi.org/10.1002/cssc.202401013
https://doi.org/10.1016/j.joule.2024.02.027
https://doi.org/10.1016/j.joule.2024.02.027
https://doi.org/10.1016/j.memsci.2023.122156
https://doi.org/10.1016/j.memsci.2023.122156
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1021/jacs.1c10171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xcrp.2021.100522
https://doi.org/10.1016/j.xcrp.2021.100522
https://doi.org/10.1016/j.xcrp.2021.100522
https://doi.org/10.1021/acsenergylett.0c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.memsci.2019.117751
https://doi.org/10.1016/j.memsci.2019.117751
https://doi.org/10.1016/j.memsci.2019.117751
https://www.sigmaaldrich.com/NL/en/support/calculators-and-apps/solubility-table-compounds-water-temperature
https://www.sigmaaldrich.com/NL/en/support/calculators-and-apps/solubility-table-compounds-water-temperature
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c03242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

