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Strategies for the mitigation of salt precipitation in zero-gap
CO, electrolyzers producing CO

The study examines material developments and systemic
approaches, providing a quantified comparison and
recommendations for future development. The authors
suggest that a combination of various approaches may
be most effective in achieving the long-term stability and
durability required for industrial application.
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Salt precipitation in the cathode gas diffusion electrodes of zero-gap CO, electrolyzers producing CO is
a major challenge to the stability and durability of this technology. In this review, we examine different
strategies proposed in the literature for mitigating salt precipitation in anion-exchange-membrane-based
zero-gap cells. We discuss the advantages and limitations of these approaches, with a focus on material
developments and systemic approaches. By normalizing all data to the cumulative amount of converted
CO,, we provide a quantified comparison and recommendations for future development. Our review
shows that material developments, such as the use of hydrophobic or superhydrophobic coatings, can

effectively reduce salt precipitation, but may not be suitable for long-term operation due to their limited
Received 23rd December 2022

Accepted 27th February 2023 durability. Systemic approaches, such as adjusting the operating conditions or incorporating salt removal

methods, can also be effective in mitigating salt precipitation, but may come with additional cost and
DOI: 10.1039/d2ta099669 complexity. Overall, our results suggest that a combination of these approaches may be the most

rsc.li/materials-a effective in achieving the long-term stability and durability required for commercialization.

Introduction chemical industry is the electrochemical reduction of CO,. This

technology allows producing a variety of feedstock chemicals
To meet global netzero CO, emission goals, not only fossil from captured CO,, water and renewable energy. A multitude of
energy sources but also fossil feedstocks of the chemical reactor designs' and target products ranging from C; to Cj;
industry have to be replaced with sustainable solutions. One products® have been thoroughly investigated and their advan-
pivotal technology to reduce the carbon footprint of the tages and disadvantages are well known."* In low-temperature

CO, electrolysis a gas-fed, zero-gap cell architecture comprising

an anion exchange membrane (AEM) is considered most
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Severin.Vierrath@imick unt freiburg. de current densities of ~1 A cm™? for the production of carbon
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of & & f monoxide (CO) have been demonstrated® and electrolyzers
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producing CO are already reaching pilot scale.” For economic
viability in industrial application, operating times of at least
50 000-80 000 hours are considered necessary.>® Despite the
fast advancement in this field, many groups report grand
challenges regarding stability and performance durability on
a significantly lower time scale. A decrease in CO, reduction rate
or even cell failure are supposedly linked to electrode flooding
and precipitation of carbonate salts on the cathode side.®
Liquids and precipitated salts can block gaseous reactants from
reaching active catalyst sites, and hinder products from leaving
the catalyst layer. In the worst case precipitates can fully block
the gas channels of the cathode flow field, leading to a pressure
build-up and consequently to complete cell failure.”** The re-
ported time scale for the occurrence of these effects ranges from
minutes to days depending on material properties and oper-
ating conditions.

Fig. 1a displays the key components and reactions occurring in
a zero-gap CO, electrolyzer with a gas-fed cathode producing CO.
An anion exchange membrane divides the cathode and the anode
compartment and enables the ionic charge transfer between the
half-cells. The anode comprises an oxygen evolution catalyst and
porous transport layers (see review by Vass et al'¥). Usually, the
anode is supplied with aqueous electrolyte, while gaseous CO, is
supplied to the cathode catalyst layer from the back side of the gas
diffusion electrode. In the cathode, the CO, is reduced at a catalyst,
e.g. silver, under the consumption of water, producing CO and
hydroxide ions as illustrated in Fig. 1b. Ideally, the hydroxide ions
would migrate to the anode as a charge carrier and form water and
oxygen. However, as CO, is present in the cathode, the produced
hydroxide ions tend to form bicarbonate ions (OH™ + CO, —
HCO; ") and carbonate ions (HCO;~ + OH™ — COz*~ + H,0)
instead (Fig. 1c). As cations, typically K™ from the KOH electrolyte,
migrate from the anode side (bi)carbonate salts can form on the
cathode side (Fig. 1d). Thus, during operation, larger amounts of
salts can accumulate in the cathode gas diffusion electrode
(Fig. 1e). Especially at high reaction rates, ie. high water
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Fig. 1 Salt precipitation process in zero-gap CO, electrolysis. (a)
Desired reactions and transport during CO, reduction. (b) Reduction
of CO, producing CO and OH™. (c) Carbonation reaction: CO, reacts
with the produced hydroxide ions. (d) Precipitation of potassium (bi)
carbonate. (e) Precipitates accumulating in the gas diffusion electrode
blocking pores. All figures with oxygen (red), carbon (black), hydrogen
(white) and potassium (petrol).

consumption and high anion production, the solubility limit of the
salts can be exceeded easily, which leads to the aforementioned
accumulation of precipitates and blockage of the GDE pores.*>"®
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Influence factors and mitigation strategies for salt precipitation in zero-gap CO; electrolyzers. Group (i) comprises different components

and their material properties that have an influence on the salt precipitation behavior. Group (i) includes all strategies and operating conditions

that have an influence during cell operation.

(Bi)carbonate salts are generally porous and hydrophilic and
thus increase the capillary pressure in the pores of the generally
hydrophobic GDE." Flooding events and salt precipitation are
thereby closely linked and are the major obstacle for constant
operation at high current densities.”® As a consequence, strat-
egies for the mitigation of salt precipitation and electrode
flooding are urgently needed."

This work aims at giving a comprehensive overview on
current strategies and influence factors to mitigate salt precip-
itation in zero-gap CO, electrolyzers with a gas-fed cathode. As
depicted in Fig. 2, the strategies can generally be divided into
two categories: (i) strategies that try to mitigate the salt
precipitation by tuning material properties of the electrolysis
cell components. This addresses especially the properties of the
membrane and electrodes, but also the properties of the liquid
electrolyte. (ii) Strategies that try to mitigate precipitation
during cell operation. This entails all operating conditions,
electrochemical operation modes as well as strategies to remove
the salt precipitates.

Influence of material properties on salt
precipitation

Material properties of the components influence the salt
precipitation and electrode flooding behavior in CO, electro-
lyzers. The following subsections summarize the effects of
electrolyte, membrane and electrode properties observed and
discussed in literature.

Electrolyte

In gas-fed zero-gap electrolyzers, the anode side is typically
supplied with liquid electrolyte. The electrolyte composition
defines the environment in the anode, ie. pH and thus

7346 | J Mater. Chem. A, 2023, N, 7344-7357

conductivity and catalyst activity. It has therefore significant
influence on the energetic efficiency and cannot be modified
independently. Furthermore, during operation electrolyte
constituents cross the membrane and change the environment
on the cathode side. Therefore, the composition of the anolyte
can have a significant influence on the CO, reduction rate and
product selectivity.

The employed electrolytes are typically aqueous solutions of
alkali metal hydroxide, bicarbonate or carbonate salts. In
general, salt precipitation occurs more rapidly with increasing
electrolyte concentration, as the cation crossover from the
anode side is also increased. Using pure water as electrolyte has
been investigated.'** Although it effectively inhibits precipita-
tion, employing pure water has strong disadvantages for the
cathode and anode reactions and membrane conductivity. The
neutral environment on the anode side leads to sluggish
kinetics for the oxygen evolution reaction and requires scarce
and expensive catalysts like iridium."* Furthermore, the pres-
ence of alkali metal cations plays a vital role for the activity of
the CO, reduction reaction on Ag catalysts.*"*

Most works therefore choose the salt concentration either for
optimal electrochemical performance or for durability,
depending on the scope of the study. Most publications
reporting long-term tests (>100 h) use low anolyte salt concen-
tration between 0.01-0.1 M. However, it is reported that
utilizing low salt concentrations only delays the formation of
precipitates in the cathode and even with anolyte concentra-
tions of 10 mM significant precipitation is observed after a few
days, if no further measures are taken.®?*

In addition to electrolyte concentration, the electrolyte
composition also influences the precipitation behavior. The
most commonly investigated electrolytes consist of either OH™,
HCO;~ or CO;>~ as anions and either Li*, Na*, K", Rb" or Cs" as
cations. Table 1 lists the solubility and prices of different alkali

This journal is © The Royal Society of Chemistry 2023
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Table 1 Comparison of solubility and price of various alkali metal
hydroxide and (bi)carbonate salts. Prices in USD taken from Millipore
Sigma US for 1 kg of the individual salt in ACS reagent, =99.0% grade
(December 2022). Adapted with permission from Xu et al.*¢ Copyright
2021 American Chemical Society

Solubility in water Price

Alkali metal

cation OH™ (M) HCO;~ (M) COz*>” (M) $ per kg CO;> salt
Li* 5.22 — 0.18 239

Na* 25.00 1.23 2.90 146

K 21.57 3.62 8.03 121

Rb* 16.88 7.92 9.66 73480

Cs* 20.01 10.78 8.01 b546

“ Calculated from 100 g, 99%. ” Calculated from 500 g, ReagentPlus®,
99%.

metal salts. A high solubility can be advantageous, as it allows
higher ion concentrations before salt crystallites form. The
alkali metal hydroxide salts show comparably high solubility
compared to the respective (bi)carbonate form. However, the
solubility of the (bi)carbonate salts is more relevant for the
formation of salt crystals in the cathode GDE, as the hydroxide
ions produced in the cathode reactions react with the present
CO, forming bicarbonate and carbonate ions. (Bi)carbonate
salts comprising Cs” or Rb" cations show the highest solubility
but are rarely used due their high price (4-28 times higher
compared to potassium carbonate). The shape and size of the
formed salt crystallites can differ for different alkali metal salts.
Fig. 3 shows scanning electron micrographs and elemental
maps of the cathode catalyst layer after cell operation with
different electrolytes reported by Cofell et al.>* They found that
Cs" containing electrolytes form smaller and more evenly
distributed precipitates (bottom row) compared to cells using
potassium containing electrolytes (top row), resulting in
a slower decrease in CO, reduction performance.*

A

This journal is © The Royal Society of Chemistry 2023
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There are more possible electrolyte properties that could
influence the salt precipitation behavior, which might not be
investigated because other electrolyzer requirements render
them impractical. For instance, multivalent cations might
appear attractive due to potentially stronger membrane exclu-
sion and thus less migration. On the other hand, they feature
lower solubility and significantly reduced CO, reduction rates
compared to monovalent alkali metal cations.” Furthermore,
the utilization of precipitation inhibiting additives known from
other applications like water treatment and oil-refining has
been proposed.** However, there are no studies yet showing
successful employment.

Membrane properties

The membrane is a key component of CO, electrolyzers, as it
separates the reactant and product streams of anode and
cathode while allowing the required ionic charge transfer
between the half-cells. Anion exchange membranes (AEMs) are
currently favored over cation exchange membranes for zero-gap
electrolyzers, as the alkaline to neutral environment is favorable
for CO, reduction selectivity over the hydrogen evolution reac-
tion.>® Generally desired characteristics of AEMs employed in
CO, electrolysis have been extensively discussed by Salvatore
and Gabardo et al.”” In this work, the permselectivity, anion
conductivity and water uptake are found to be the most
important factors for salt precipitation.

Endrédi et al. hypothesized that a high conductivity of the
membrane is beneficial, as it decreases the ohmic losses due to
membrane resistance and lowers the concentration gradient of
(bi)carbonates, by enabling fast anion transport from the
cathode to the anode.*** A study by Mardle et al. confirms this
by comparing membranes with different thicknesses and ion
exchange capacities and their influence on electrode flooding
and salt precipitation (Fig. 4).*> They found that a cell using an
Aemion™ membrane with higher IEC, thus higher anion
conductivity, shows lower cell voltages and higher CO Faraday
efficiencies, than a cell with a low IEC Aemion™ membrane

100 ym

g W FHEC

Fig. 3 Precipitate distribution on a silver catalyst layer SEM-EDX maps of the cathode catalyst layer after operation in different electrolytes.
Reprinted with permission from Cofell et al.2* Copyright © 2021 American Chemical Society.
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Fig.4 Cellvoltage and CO selectivity for membranes with different thickness and IEC from Mardle et al.*2 (a) [COs>~] and pH change for the three
Aemion AEMS over the course of 65 min (60 min chronopotentiometry + 5 min EIS). AEMS were (i) AF1-HNN8-25-X (25 pum, high IEC), (i) AF1-
HNN8-50-X (50 um, high IEC), and (i) AF1-HNN5-25-X (25 um, low IEC). (b) Average Ecqy for the three Aemion membranes at 50 mA cm™2 for
5 minin single pass, 60 min in recirculating anolyte (volume = 25 mL), and 5 min purge in single pass. AE.., corresponds to the reversible voltage
increase by anolyte carbonation. (c—e) Cell voltage during six 1 h periods of operation at i = 100 mA cm™~2, with a water purge (2 mL) conducted
every 1 h. For this experiment, a 500 mL reservoir of 1 M KOH was recirculated at 10 mL min~. Reprinted with permission from Mardle et al.*2

Copyright 2021 American Chemical Society.

(Fig. 3c vs. 3e). Using a thicker membrane increases the
membrane resistance and has consequently a similar effect as
a lower IEC - higher cell voltage, lower carbonate crossover and
faster decrease in CO selectivity.

However, the ideal properties of a membrane remain
a tradeoff between several requirements. An increase in ion
exchange capacity typically leads to higher water uptake, which
reduces the ionic resistance but also lowers permselectivity of
the membrane.?® While a lower ionic resistance is desired,
a lower permselectivity leads to an increased (unwanted) cation
crossover from the anode to the cathode. Furthermore, the
carbonate crossover from cathode to anode is generally unde-
sired, as it limits the single-pass efficiency, raises the down-
stream separation costs and additionally neutralizes the anode
electrolyte in case of employment of alkaline electrolytes.”®*®
This demonstrates the complexity of opposing optimization
interests for components in CO, electrolysis.

b.
TMKOH Pt o, Ag AEL CEL

Fig.5 Orientation of bipolar membranes in CO, electrolysis to CO. (a)
Reverse bias orientation and (b) forward bias orientation. Adapted with
permission from Blommaert et al.3* with permission from the Royal
Society of Chemistry.

7348 | J Mater. Chem. A, 2023, N, 7344-7357

An alternative to AEMs are bipolar membranes, ie.
combining an anion exchange layer (AEL) and a cation exchange
layer (CEL). Bipolar membranes promise to solve multiple
problems currently discussed in CO, electrolysis.*® The CEL can
mitigate CO, crossover as carbonate ions are not conducted.
Furthermore, a pH gradient can be established, providing ideal
reaction environments to the anode and cathode simulta-
neously. Bipolar membranes can be used in two different
operation modes; the so-called reverse bias and forward bias
depending on the membrane orientation (see Fig. 5). Both
modes show specific advantages and challenges. In reverse bias
operation (CEL facing the cathode, Fig. 5a), water is split at the
AEL/CEL interface. Hydroxide ions migrate to the anode and
protons migrate to the cathode, providing an acidic reaction
environment in the cathode.”® The high proton concentration at
the cathode, however, promotes the HER and strongly reduces
the selectivity towards CO, reduction products.** The over-
potential for the water dissociation reaction at the AEL/CEL
interface additionally increases the cell potential.

In forward bias operation (AEL facing the cathode, Fig. 5b),
anions from the cathode and protons from the anode recom-
bine at the AEL/CEL interface and water is produced at the
membrane interlayer. With KOH as anolyte the precipitation
problem is being shifted to the AEL/CEL interface, as cations
and (bi)carbonate ions recombine at the interface.** Operation
with pure water solves this issue by reducing the alkali metal
cation concentration, but in turn entails sluggish kinetics and
iridium catalysts as discussed above. While studies show that
bipolar membranes can mitigate CO, crossover and salt
precipitation, they involve higher cell potentials and lower

This journal is © The Royal Society of Chemistry 2023
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reaction rates than AEMs and have additional challenges like
the delamination of both membrane layers.** Thus, despite
their huge potential, significant advances are needed in bipolar
membrane development to pose a serious alternative to AEMs.

Finally, pure cation exchange membranes could solve the
salt precipitation and carbonate crossover problem, but would
require highly selective CO, reduction catalysts in acidic
environments.*

Electrode properties

In general, the electrode must enable the electric contact of the
catalyst and has to facilitate mass transport of reactants and
products towards and away from the catalysts active sites. For
the application in low-temperature CO, electrolysis carbon-
based GDEs prevail (see recently published reviews about
GDEs for CO, electrolysis'®**?*%). The base of the GDE typically
consists of a so-called gas diffusion layer (GDL), comprising
carbon fibers with diameters in the range of 5-10 um. A second
layer is deposited on top, the so-called micro porous layer (MPL)
made from carbon black (spheres of 50-100 nm). The properties
considered most relevant for the precipitation of carbonic salts
are the electrode wettability and the pore structure of the GDE."”
Most works employ GDEs with a hydrophobic treatment or
impregnation to mitigate electrode flooding. However, it was
observed that the hydrophobicity of the GDE can decrease
during cell operation."** The decay of hydrophobicity is
generally attributed to the hygroscopic precipitates or the
decomposition of the hydrophobic chemical structure of the
GDE in the alkaline environment.*"’

Kong et al. compared the carbonate precipitation in various
GDEs.?***” They found that GDEs with cracks in the MPL showed
non-uniform carbonate surface coverage but deeper penetra-
tion of the GDL. They hypothesize that a crack-free MPL hinders
the carbonates from entering deeper areas of the GDL leading to
early performance decrease, as (bi)carbonate salts accumulate
in the catalyst layer and block the access to the catalysts active
sites. This implies that a designed structure of the MPL could
improve the removal of precipitates from the catalyst layer. The
employed GDLs are typically developed and optimized for the
application in fuel cells or water electrolyzers and might not
have ideal properties for the application in CO, electrolysis.
Therefore, tailoring the GDL and MPL to the requirements of
CO, electrolyzers could potentially further improve the CO,
reduction performance and electrolyzer durability. Wu et al., for
example, proposed to increase the hydrophobicity of the elec-
trode to mitigate electrode flooding by adding a layer of PTFE
particles to the back side of the MPL.*® The employment of
PTFE-based GDL has also been investigated to mitigated elec-
trode flooding.*

Besides the GDL and MPL, the composition of the cathode
catalyst layer also plays an important role for the formation of
precipitates. The binder significantly influences the transport
properties in the catalyst layer. A hydrophilic anion-conductive
binder could mitigate the accumulation of alkali metal cations
at the catalyst surface by Donnan exclusion, provide water for
the cathode reactions and decrease the (bi)carbonate

This journal is © The Royal Society of Chemistry 2023
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concentration by enabling fast anion transport away from the
catalyst surface. Adding hydrophobic components to the cata-
lyst layer, for example PTFE particles, was also observed to have
a positive effect on salt precipitation, potentially by mitigating
early flooding of the catalyst layer.*

Furthermore, catalyst engineering or tuning of the cathode
catalyst microenvironment could enable efficient pure water
operation and thus mitigate the accumulation of alkali metal
cations at the cathode. For instance, functional groups of the
anion exchange polymers can compensate the co-catalytic effect
of the alkali metal cations.***! Furthermore, Garg et al. reported
improved performance and durability by functionalizing the Ag
catalyst layer with urea (200 hours operation at 100 mA cm ™2,
faradaic efficiency of ~85%, with 10 mM KHCO; anolyte).>

Mitigation strategies during cell
operation

Almost all operational parameters can potentially influence the
salt precipitation and electrode flooding behavior during cell
operation. The effect of those parameters, however, might
drastically differ for the different experimental setups and cell
materials employed (as discussed in the previous section
“Influence of material properties on salt precipitation”). The
following subchapters summarize the main findings.

Gas humidification

The humidity of the CO, feed can have a critical effect on cell
performance, stability and durability.**** Cell operation
without gas humidification can even lead to membrane dry-out
and cell failure.®* Wheeler et al. presented a study on the influ-
ence of gas humidification by using a cell fixture with a window
allowing to look at the back side of the cathode GDL during cell
operation (Fig. 6).** After 120 min of cell operation at 100 mA
cm 2 without humidification, the cathode flow field is visibly
flooded with precipitates, while the cell with a humidified CO,
gas stream operated at 150 mA cm > shows no precipitates in
the flow field after the same time. As the cathode reactions
consume water and the produced anions drag water from the
cathode to the anode side via electroosmotic drag, a sufficient
supply of water to the cathode has to be ensured. They found
that a dry cathode feed increases the water flux from the anode
to the cathode via diffusion, as water can only be supplied
through the membrane. This water flux in turn increases the
cation crossover and thus salt formation.

The water balance, however, further depends on other
factors like temperature, flow rate or material properties like
membrane water-uptake. Therefore, one has to be careful when
generalizing findings from a single study, as the utilized
materials and operating conditions might strongly differ from
setup to setup. Nonetheless, various studies conclude that
cathode gas humidification generally delays the formation of
salt crystallites.*>*¢

While controlled gas humidification can be seen as an
important mitigation strategy, one has to consider that most
studies use custom-built CO, electrolysis test setups. Unlike

J. Mater. Chem. A, 2023, 1, 7344-7357 | 7349
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Fig. 6 Wheeler et al.** humidification vs. no humidification. (a) Image
of the measurement setup, (b) images of the back side of the cathode
GDE at with and without humidification and at different current
densities. Reprinted with permission from Wheeler et al* with
permission from the Royal Society of Chemistry.

commercial fuel cell test benches, the self-build test setups
typically humidify the cathode gas inlet by bubbling the gas feed
through a gas washing bottle filled with water. The relative
humidity is then controlled by adjusting the temperature of the
bubbler. As the gas line between bubbler and electrolysis cell is
often not thermally isolated or heated, condensate formation
could also play a role in the removal of salt precipitates, when
condensate droplets are flushed through the cathode
compartment.*’

Another strategy to supply water to the cathode without an
advanced gas humidifying unit, was investigated by De Mot
et al. in an electrolyzer producing formic acid.*® They proposed
the continuous injection of small amounts of liquid water (0.1-
1 mL min~") through an interdigitated cathode flow field. In
their case, a minimum of 0.2 mL min~ ' water injection was
necessary to prevent salt crystallization in a potentiostatic
measurement for 25 hours at 3 V. By this procedure, the water
supply can be decoupled from the gas flow rate. However, it is
not clear whether this strategy is applicable for zero-gap elec-
trolyzers producing CO and for scale-up to higher active cell
areas.

Gas flow rate

There has been little research examining the effect of CO, flow
rate on salt precipitation. However, some studies suggest that
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flow rate may have an impact on precipitation behavior. Verma
et al., for example, reported that a low flow rate of 17 sccm led to
blocked flow field channels, while they achieved to eliminate
the issue by increasing the flow rate to 75 sccm.*

Considering the effect of gas humidification as discussed
above, the flow rate can have a significant influence on the water
balance of the cell and thus on salt precipitation. It is to note,
that depending on the relative humidity of the gas feed, a higher
gas flow rate can either remove water from the cathode or
provide more water to the cathode.

However, in industrial application, the flow rate will most
likely be chosen with the goal to maximize the single pass
efficiency and might therefore be an impractical option to
manage the water balance.

Cell temperature

The operating temperature has an influence on many relevant
properties like kinetics, ion conductivity, solubility, gas partial
pressure, relative humidity and diffusivity. Zero-gap CO, elec-
trolyzers are often operated at low temperatures (<30 °C), as
a reduced selectivity for CO was reported for elevated temper-
atures.' Nonetheless, this observation is not universally valid,
as high CO partial current densities were demonstrated in cells
operating at temperatures of up to 60 °C.* The CO, partial
pressure at the electrode immersed in a liquid electrolyte
decreases with rising temperature, as the solubility of CO, in
water decreases.”® This generally leads to a temperature
dependent decrease of CO, reduction performance in H-cell
measurements. The temperature dependence of gas solubility
might as well affect the selectivity of gas-fed electrolysis cells
that suffer from electrode flooding.

Furthermore, the cell temperature has an effect on the
formation of salt crystallites as the solubility of salts like KHCO;
and K,CO; in water increases with rising temperature® allowing
higher ion concentrations before salts precipitate at the
cathode. At the same time, the ion conductivity of the
membrane increases significantly with rising temperatures. For
instance, the HCO;~ conductivity of Sustainion membranes
approximately doubles from ~8 mS ecm™' to ~16 mS cm
when the temperature is increased from 30 °C to 60 °C.* This
allows faster anion transport to the anode side, reducing the
anion concentration at the cathode.

Finally, there might also be negative effects of elevated
temperatures on the salt precipitation. The evaporation of water
is enhanced, if the gas feed is not sufficiently humidified, which
again increases the water flux from anode to cathode. Despite
the potentially drastic effects, there are no publications
systematically investigating the effects of temperature on
precipitate formation in zero-gap CO, electrolysis.

Precipitate removal

Besides trying to prevent the formation of precipitates, several
groups showed that the periodic removal of precipitates during
cell operation can restore the CO, reduction capacity.'>*¢84952
The most common approach is to rinse the cathode GDE by
flushing water through the cathode compartment. Fig. 4c-e

This journal is © The Royal Society of Chemistry 2023
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shows the constant current experiments conducted by Mardle
et al. with three different membranes, while flushing the
cathode compartment every hour with 2 mL of pure water."
Fig. 4e illustrates how the CO selectivity is partially recovered by
the flushing procedure in a cell using a low IEC membrane. In
the cell utilizing a membrane with high IEC, the decrease in FE
is less significant (see Fig. 4c) and therefore also the influence of
the flushing procedure.

Leonard et al. found that the hydrophobicity of the employed
GDLs, can reduce the efficiency of the flushing procedure, as the
water cannot easily penetrate the pores from the back side of the
GDL, leading to some carbonates remaining in the catalyst
layer.>” They therefore rinsed and vacuum dried the cathode
after dissembling the cell, showing higher recovery rates of the
CO, reduction capacity. As periodic disassembly is not appli-
cable beyond lab-scale, one possible way to improve the clean-
ing procedure is to use other solvents or solvent mixtures with
better wettability of the GDLs.** One has to note, that the choice
of solvent is restricted by the ionomer and membrane
compatibility. Eventually, although it was shown that it is
possible to restore the CO, reduction capacity of the cathode by
rinsing off the carbonates, the practicability of this approach
has not yet been proven in long-term experiments of several
hundred hours or with high cell areas.

Subramanian et al. investigated different flow field designs
in terms of failure resistance due flow channel blockage by salt
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precipitates and found a serpentine flow channel design supe-
rior to parallel or interdigitated flow fields.*® They primarily
attribute this to a higher driving pressure in the system, which
allows for more dispersed in-plane transport of CO, through the
GDE.* The flow field design might also be important for the
removal of the precipitates by cathode flushing. In multi-
channel designs, for example parallel or multi-channel
serpentine, the flushing solution might not easily reach
blocked regions in the cell, as it can bypass through channels
that are not fully blocked.

Influence of electrochemical operating conditions

The employed electrochemical methods and experiment
settings for the evaluation of CO, electrolyzer performance
strongly differ, as there are no standardized measurement
protocols so far. Nwabara et al. made a proposition for accel-
erated durability test protocols, similar to standardized testing
protocols that are well established for other electrochemical
applications.> Up to now, the stability and durability is most
commonly evaluated by conducting potentiostatic or galvano-
static measurements. The duration of the measurements varies
significantly between different studies. In some studies the
measurement duration seems to be chosen arbitrarily or failure
modes are not indicated. Begin of test (BoT) and end of test
(EoT) characterization, e.g. electrochemical impedance spec-
troscopy, and the utilization of suitable figures of merits to
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characterize the voltage stability (e.g. in V h™'), the degradation
rate of the energy efficiency and of the product selectivity (e.g. in
FE% h™') would increase the comparability of different studies.

A relation between precipitation and cell potential or applied
current has been observed.**” At higher currents, problems
with salt precipitation generally appear earlier. Leonard et al.
uncovered that in their setup the decay of the CO Faraday effi-
ciency correlates to the amount of transferred charge indepen-
dent from the applied current density.** This finding is in line
with the theoretical understanding that the salt generation rate
directly correlates with current density, and thus the accumu-
lation of salt precipitates with electrical charge. Consequently,
salt precipitation is dependent of the product of current and
operation time.

Cell operation at constant potentials or at constant currents
might further not accurately emulate realistic electrolyzer
operation using intermittent energy sources,’ nor be the most
suitable operation mode in terms of stability and durability.
Some studies suggest non-constant electrochemical operation.
Fig. 7 illustrates an operation strategy proposed by Xu et al.'®
Instead of applying a constant potential they suggest voltage
pulsing (see Fig. 7c). In this operation mode, one cycle is split
into two phases at different potentials. In the normal operation
or CO, reduction phase at a potential well above the onset
potential, the concentration of HCO, /CO;>~ at the cathode
increases (see Fig. 7b). Before the solubility limit is exceeded
and salts can precipitate, the voltage is decreased and the
second phase or regeneration phase is initiated. In this phase
without reduction of CO, in the cathode, the anion concentra-
tion at the cathode decreases as they migrate to the anode
(Fig. 7d). In this work, Xu et al. demonstrated that alternating
between 60 s at 3.6 V and 30 s at 2.0 V successfully prevented salt
precipitation and the associated decay in Faraday efficiency for
18 h of CO, to CO reduction. For an electrolyzer setup producing
C,-products a ~5 times longer cell operation compared to
potentiostatic cell operation was demonstrated, only increasing
the energy demand by less than 1% and fully mitigating the
formation of precipitates in the cathode flow field channels.*

A similar approach could be chosen in galvanostatic cell
operation, by alternating between low and high current densi-
ties. Samu et al.>® conducted a measurement with an alternating
current profile with currents between 312.5 mA cm™ > and 437.5
mA cm 2 to emulate cell operation with a dynamic power load.
They demonstrated stable cell performance over the duration of
500 hours.> Considering this, the operation of zero-gap CO,
electrolyzers coupled with the dynamic power load from inter-
mittent power sources like solar energy could even be beneficial
for the electrolyzer operation in terms of salt precipitation and
durability.

Discussion and comparison of
strategies

In the previous chapters, the individual strategies and factors
on salt precipitation have been summarized and discussed. It
has to be considered that there are no standardized methods for
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the characterization of CO, electrolyzers yet, which make
a direct comparison of the measurements impossible. Addi-
tionally, many groups do not yet conduct durability tests,
probably due to limited test automation, limited testing
capacities, different scope or rapid performance decrease. The
choice of measurement duration therefore often appears to be
arbitrary and in many reports, the measurements are ended
before cell failure or without mentioning the failure mode.****
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Fig. 8 Reported long-term performance tests of zero-gap CO,
electrolyzers producing CO. (a) CO partial current density ico, (b)
anolyte concentration and (c) the average cell voltage plotted against
the total amount of converted CO, normalized to the active cell area.
The converted CO, has been derived by the duration of the
measurement and approximate average partial current densities for
CO. Symbols indicate the catalysts, colors indicate the anolyte. The
annotations represent the literature reference. Different measurement
of one publication are numbered in brackets. Only experiments
comprising a zero-gap cell architecture and a significant area specific
CO; conversion (>0.001 kgco, cm™2) are considered in the graphs.

More details to the references can be found in Table
2 5,8,12,16,19-21,23,41,46,54-59
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Despite the lack of comprehensive data, general trends can
be derived. Fig. 8 shows the average CO, partial current density
(a), the anolyte concentration (b) and the average cell voltage (c)
in relation to the approximate amount of CO, that has been
converted  during the  experiments of  different
works®®12:16:19-21,23,41,4654-59 ngrmalized to the active cell area (also
see Table 2). The amount of converted CO, was chosen, as it can
be seen as a direct measure for stable performance without too
much salt precipitation. Only measurements were included that
produced CO in a two-compartment cell with a zero-gap cell
architecture, a gas-fed cathode and that cumulatively converted
a significant amount of CO, (>0.001 kgco, cm ?).

The majority of the studies employ silver-based catalysts
(circle symbol), while only few use Au-catalysts (triangle) or Ni-
catalyst (diamond) and meet the criteria for Fig. 8. The highest
CO partial current densities during long-term testing have been
achieved with CsOH-based electrolytes (green symbols in
Fig. 8a), which is in line with the general trend of CO, reduction
activity in the presence of alkali metal cations (Li" < Na* < K' <
Rb" < Cs").2>* The CsOH studies are also the only ones to meet
the goals derived from a techno-economic analysis (TEA) with
CO partial current densities above 270 mA em™2.%

The highest area specific amount of converted CO, was,
however, demonstrated by Liu et al. (ref. 56) with 10 mM KHCOj3
solution as anolyte and a Sustainion-based cell operating at room
temperature and 200 mA cm>. Measurement 41(1) and 41(2),
both from the same publication by Kutz et al.,* show that simi-
larly high cumulative CO, conversion can be achieved, both at
relatively high (200 mA cm 2 for 1000 hours) and low (50 mA cm >
for 4500 hours) current densities. It can further be concluded that

Table 2 Overview of the measurements displayed in Fig. 8
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CsOH and KHCO; appear to be well suited for high conversion
amounts, while all KOH-based studies showed only low amounts.

Despite these low amounts, electrolyzer performance is
typically evaluated using KOH as anolyte at concentrations well
above 0.1 M.** Although the electrochemical cell performance
might be better under those conditions for a short period, the
formation of salt precipitates is accelerated. Therefore, the CO,
conversion capacity is limited in those systems and only few
studies were found with a cumulative CO, conversion above
0.001 kgco, cm > (e.g., ref. 12, 46, 57 and 59). Fig. 8b shows that
a low electrolyte concentration is an effective strategy to delay
salt precipitation and to enable longer measurements. In fact,
all measurements with a total CO, conversion above 0.003 kgco,
cm ™ used anolyte concentrations below 0.1 M.

For the efficiency or cell voltage, no direct correlation to the
amount of converted CO, can be derived with cell voltages
ranging from 2.1V to 3.6 V (Fig. 8c). However, it can be observed
that cells optimized for high efficiency and low voltage typically
only convert low amounts of CO,, while those converting high
amounts of CO, show worse efficiency or higher voltage. As
discussed before this is most likely linked to the electrolyte,
which is either very conductive, but also prone to salt precipi-
tation or vice versa.

The studies suggesting alternating operation as discussed in
section “Influence of electrochemical operating conditions” can
also be found in this chart. Samu et al. (ref. 55), who emulated
dynamic power load, is among the highest area specific
amounts of converted CO,, while also showing twice as high
partial current densities. Xu et al. (ref. 16), who showed prom-
ising results using a regeneration phase below the onset
potential, reaches rather small amounts of converted CO,. To

Average
Cathode Temp./ Electrolyte cell Average ico/mA Measurement Converted CO,/kgco, Mitigation strategy

Reference catalyst °C composition voltage/V cm > duration/h  em™? (comments)

Sargent® — — — 1.8 270 80 000 17.7 Goals from TEA

Janiky® (1) Ag 60 0.1 M CsOH 3.2 400 100 0.033 Electrolyte, membrane (100
cm? cell)

Janaky® (2) Ag 60 0.01 CSOH 3.2 300 78 0.019 No humidification (8 cm?
cell)

Janaky® (3) Ag 60 0.01 CSOH 3.2 480 150 0.059 With humidification (8 cm?
cell)

Holdcroft'? Ag 25 1 M KOH 2.45 180 7 0.001 Rinsing

Sargent'® Ag 0.1 M KHCO; 3.6 160 12 0.002 Voltage cycling

wu'’ Au/CN 25 H,0 2.8 45 90 0.003 Pure water

Zhuang®  Au/C 50 H,0 2.27 92.5 100 0.008 Pure water

Janiky®'  Ag 60 H,0/CsOH 3.2 390 220 0.070 Electrolyte/operation

Rufford® Ag 25 0.01 M KHCO; 3.1 85 200 0.014 Electrolyte

Masel*' (1) Ag 25 0.01 M KHCO; 3 190 1000 0.156 Electrolyte

Masel*! (2) Ag 25 0.01 M KHCO; 2.9 45 4500 0.166 Electrolyte

Janiky'®  Ag 60 1 M KOH 3 230 8 0.002 Rinsing

Kenis®™  Ag 25 0.1 M KHCO; 2.9 200 50 0.008

Janiky>®  Ag 60 0.05 M CSHCO;  2.95 370 500 0.152 Electrolyte, current pulsing

Masel®® Ag 25 0.01 M KHCO;3 3 200 3800 0.624 Electrolyte

Strasser’”  Ag-coral 25 1 M KOH 2.75 90 30 0.002

wu’® Ni-SAC 25 0.01 M KHCO;  2.75 190 50 0.008 Electrolyte

Lee*® AuAg 1 M KOH 2.13 170 24 0.003
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Table 3 Advantages and disadvantages of the mitigation strategies
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Mitigation strategy Effectiveness Readiness

Effect on OpEx

Effect on CapEx Scalability

Low concentrated Effective
anolyte/pure water
Periodic cathode

flushing

Ready

No mitigation but
effective recovery level

Voltage/current cycling Unclear More research

necessary

Operating conditions Insufficient/additional =~ Ready
strategies needed

Cell components Insufficient/additional ~ Ready/more

strategies needed/unclear research necessary

show the effectiveness of this approach longer duration would
be very beneficial.

Endrédi et al. (ref. 21) is unique as they combine multiple
mitigation strategies at once with precise gas humidification,
60 °C, pure water as anolyte, periodical cathode rinsing,
cathode activation with Cs" cations and a membrane with high
carbonate conductivity.”* To make use of the co-catalytic prop-
erties of Cs', despite the utilization of pure water as electrolyte,
5 mL of 1 M CsOH in a mixture of 1:3 isopropanol/water are
flushed through the cathode compartment every 12 hours. At
the same time, it removes precipitates that might have formed
in the GDE or cathode flow field. Consequently, it could be
theorized that these measures allowed achieving high efficiency
without compromising the amount of converted CO,.

Kibria et al. identified the operation of an electrolyzer for
80000 hours at 300 mA cm > and a FE of 90% as techno-
economically required.® That translates to an area specific CO,
conversion of approximately 17.7 kgco, cm > (ref. 5 in Fig. 8).
The highest area specific CO, conversion in Fig. 8 (ref. 56)
counts 0.62 kgco, cm™2 This value lies over one order of
magnitude below the requirements from the techno-economic
analysis, emphasizing the need for improvement.

Table 3 summarizes the advantages and disadvantages of all
mitigation strategies, considering the effectiveness, the tech-
nological readiness, the potential influences on cell operation
and operational expenditures (OpEx), effects on capital expen-
ditures (CapEx) and scalability. Some of these approaches help
to reduce or delay the formation of precipitates, but might have
to be complemented with other measures. Most of the strategies
have only been proven on lab-scale. While the composition and
concentration of the liquid anolyte can be easily changed also
for larger cells or for cell stacks, the scale up is more challenging
for other strategies. Cathode flushing might work well in
a single cell with a serpentine flow field. On stack level, however,
partially blocked channels can lead to significantly changed
flow resistances between individual cells of the stack. This
might lead to an imbalance between the individual cells. The
freedom to adjust the operating condition to reduce salt
precipitation might also be limited on stack level. Adjusting the
amount of water provided by the cathode gas feed via variation
of the flow rate or gas humidification, can conflict with the
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Lowers voltage efficiency

Ready on single cell Down time/potential
electrode flooding

Components have to Easily scalable
be adapted
Low/none Effectiveness of flushing

might decrease with cell

area
Partial down time Requires larger cell Scalable
area

Competing with Low Scalable/unclear
performance

optimization

Competing with Unclear Scalable
performance

optimization

optimization of the single-pass efficiency or be limited by the
gas supply's ability to hold water. Material-property-based
approaches can most probably also be used in lager cells or
on stack level, if the fabrication methods of those materials can
be scaled. However, the scalability has to be assessed for each
material development individually.

Conclusions

Salt precipitation in alkaline zero-gap CO, electrolyzers is still
a major hurdle to long-term operation and thus for industrial
commercialization. Many different factors influence the
formation of salt precipitates in zero-gap CO, electrolyzers, and
the comparison of mitigation strategies is challenging, as used
materials and measurement conditions vary significantly
between the studies. Consequently, no strategy has emerged as
a simple standalone solution to this problem up to now. While
most strategies try to keep the cation or anion concentration
below the nucleation concentration, other strategies, like elec-
trode rinsing, accept the formation of precipitates and try to
remove them periodically. The studies with the highest area
specific CO, conversion employed both, material related and
operation related strategies to enable long-term operation.
However, all studies with a cumulative CO, conversion above
0.003 kgco, em ™2 had in common, that they used low anolyte
concentrations (<0.1 M). Therefore, the anolyte concentration
might be considered the most important factor.
Advancements in material development still have a great
potential to promote new solutions to mitigate salt precipita-
tion. For instance, while the technological maturity of bipolar
membranes is substantially lower than of AEMs for CO, elec-
trolysis, they show high potential to solve several issues like salt
precipitation and carbonate crossover at the same time.
Furthermore, the development of CO, reduction catalysts that
enable operation under acidic conditions could allow pure
water operation and the employment of cation exchange
membranes.® In this case, the lack of alkali metal cations
would mitigate salt precipitation. As proton conductivity of
state-of-the-art cation exchange membranes is significantly
higher than the carbonate conductivity of state-of-the-art AEMs,
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their employment could significantly lower the overpotentials
related to ion transport thereby increase the energy efficiency.

Finally, another key finding is the potential trade-off between
optimizing for low salt precipitation and high performance.
This trade-off could be solved when techno-economic goals are
included, i.e. quantifying the cost of efficiency or durability. Yet,
the comparison with a recent techno-economic study shows
that the durability of electrolyzers needs to be at least one order
of magnitude higher than in current experiments. Therefore, it
is essential to further understand the underlying processes and
develop further mitigation strategies.
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