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Low-frequency electrochemical pulsing to
manage flooding and salt precipitation in
zero-gap CO,-to-ethylene electrolyzers
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The electrochemical reduction of carbon dioxide (CO,) to ethylene presents a promising route for
utilizing exhaust gases to produce value-added chemicals with broad manufacturing applications. While
zero-gap electrolyzer architectures show great potential to enable commercial-scale CO,-to-ethylene
conversion, their performance is often limited by failure within the first 100 hours. In this work, we
demonstrate that a low-frequency electrochemical pulsing protocol effectively mitigates carbonate salt
precipitation and flooding by managing water transport to and through the cathode gas diffusion
electrode and associated flow fields. Operando neutron imaging further reveals the dynamics of water
crossover and flooding, emphasizing the intricate interplay between electrochemical operation and ionic
transport. By mitigating short-term flooding and salt precipitation failure modes, this study establishes a
foundation for understanding long-term degradation mechanisms and advancing the practical viability of
CO; electrolyzers for industrial-scale applications.

The electrochemical conversion of CO, to ethylene offers a promising approach to expand manufacturing of commodity chemicals and fuels. Specifically,
ethylene is a critical precursor for polyethylene a $240B industry. Expanding productivity at existing ethylene plants would allow for rapid growth in the sector
while alleviating the time delay associated with building new refineries. Energy efficient and durable CO, electrolysis to ethylene poses significant challenges
because it requires a multistep reaction for C-C coupling, leading to multiple reaction products such as carbon monoxide, acetate, formate and ethanol.

Our research addresses two short-term failure mechanisms of zero-gap CO, electrolysis to ethylene, namely salt precipitation, and catalyst flooding, which prevent
industrial adoption. We show that a low frequency current pulsing protocol can manage water movement within the electrolyzer. These relaxation pulses allow for the
dissolution of precipitated salts and for liquid organic byproducts to be removed from the cathode allowing for increase durability of the electrolyzer.

Introduction

methane (CH,), and ethylene (C,H,)."> However, the poor
long-term stability of CO, electrolyzers remains a major barrier

Recent technological advancements in zero-gap electrolyzers
have enabled the conversion of CO, into a variety of carbon-
based chemical products, such as carbon monoxide (CO),
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to their industrial adoption.>” Over short operating time scales
(<100 hours), the primary failure mechanisms are flooding
and salt precipitation, which hinder CO, transport and obscure
the study of longer-term failure mechanisms, such as catalyst
deactivation, loss of cathode hydrophobicity, and component
degradation.’® In particular, achieving stable ethylene production
at industrially relevant current densities (i.e. >200 mA cm™2) has
proven challenging, with operational lifetimes typically an order
of magnitude shorter than those observed for CO, electrolysis to
CO." Understanding the causes of these early failure modes and
developing materials and operational procedures to mitigate
them are essential steps toward realizing durable, industrially
relevant CO,-to-ethylene electrolyzers.
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Electrochemical current pulsing has been utilized for CO,
electrolysis as a method for steering product selectivity and
improving durability.””® By changing the duration and magni-
tude of the pulses, physical and chemical mechanisms can be
controlled, modifying the performance and durability of elec-
trolyzers. Examples for CO, electrolysis include control of
adsorbates (microseconds to milliseconds timescale), generation
of diffusion gradients in solution (milliseconds to tens of seconds
timescale), and control over catalyst speciation (seconds to
minutes timescale). Some reports have demonstrated pulsed
electrolysis at high frequencies (microseconds to second) to
modify the catalyst surface at the atomic level to favor adsorption
of CO and the rate of C-C coupling, resulting in increased
faradaic efficiencies for specific carbon dioxide reduction reac-
tion (CO,RR) products.”" Multiphysics simulations have
demonstrated that during mid frequency current pulsing (10 s
of seconds), dissolved CO, can accumulate at the catalyst triple
phase boundary, and alter the local pH, thereby improving
faradaic efficiency for C,; products by suppressing the hydrogen
evolution reaction (HER).®'*>' Low-frequency current pulsing
(on the order of minutes) has been investigated for catalyst
regeneration through oxidative pulses in zero-gap electrolyzers
and in H-cells on copper sheets,"*"> however, the impact of low-
frequency pulses on transport phenomena has not been thor-
oughly explored for Cu-based catalysts in zero-gap electrolyzers.
Current pulses on the timeframe of minutes have the potential to
enhance electrolyzer durability by facilitating the flux of cations,
liquid organic products and water throughout the membrane
electrode assembly. By introducing step changes in the applied
current density, this method allows relaxation periods for diffu-
sion and transport processes to occur. These relaxation periods
offer an opportunity to mitigate carbonate salt mitigation
through humidity, decreased water consumption and reduction
in hydroxide generation and simultaneously these relaxation
steps may facilitate removal of hygroscopic liquid organic pro-
ducts from the electrode. Effectively these low frequency reduced
current steps offer a unique opportunity to mitigate or slow down
multiple failure modes for CO,RR for C,, products.'® However,
the underlying mechanisms governing the interaction between
low-frequency pulsed currents and the transport phenomena of
water and alkali cations remain poorly understood. This knowl-
edge gap has hindered the broader adoption of pulsing strategies
to extend the operational lifetime of CO, electrolyzers.

Systematic development of operational protocols for mitigat-
ing flooding and salt precipitation is hindered by a poor under-
standing of how different protocols affect water diffusion within
the electrolyzer, which leads to each of these failure modes.
Various approaches have been developed for the observation of
water crossover in CO, electrolysis, but typically either provides
insufficient field of view, time resolution, or otherwise severely
compromises the geometry of the electrolyzer. Acrylic viewing
windows on the flow fields have been used to observe salt
precipitation and flooding at the back of the GDE in real time.
However, this approach provides only a limited perspective and
cannot capture through-plane water and cation transport before
water breakthrough or salt precipitation becomes visible at the
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back of the GDE."” Wide angle X-ray scattering has also been
used as a method to more completely study cation and water
diffusion, which allows for observation of electro-osmotic diffu-
sion of water and cations but requires a small cell size to
accommodate the large attenuation of X-rays by the cell
materials."®'® Additionally, only a relatively small area around
the membrane can be imaged, but still requires acquisition times
on the order of minutes. In contrast, operando neutron radio-
graphy (NR) allows us to glimpse into the transport phenomena
over a wide field of view including both sets of flow fields. This
technique takes advantage of the low attenuation of neutrons
through metals and the high attenuation of neutrons through
water.>*' However, only a limited number of operating condi-
tions have been systematically investigated and rationally under-
stood using insights from operando NR, especially for CO,-to-
ethylene conversion.

In this work, we employed a low frequency electrochemical
current pulsing protocol on the minutes timescale to enable the
humidified inlet CO, to dissolve carbonate salts formed within
the flow field and gas diffusion layer. This step-based electro-
chemical pulsing is characterized by a “primary operational
current density” (Jp), a lower “reduced current density” (Jz),
and a periodic time interval for each ¢, and t; (Fig. 1b). We
postulated that jgz would sufficiently slow down both the
chemical reaction of CO, with OH™ to form (bi)carbonate and
the electrochemical reaction of CO, which generates OH ™, to
allow for the dissolution of precipitated salts at the cathode
with the humidified CO, stream. We also aimed to find the
ideal tp that would maximize the rate of ethylene production
while avoiding precipitation to the level that would cause
electrolyzer failure. Using operando NR, we observed that our
optimized low-frequency pulsing protocol allowed water to pass
through the GDE and clear hygroscopic liquid products and salt
through the flow fields. We present a systematic roadmap for
developing a targeted mitigation strategy to simultaneously
address precipitation and flooding, critical early failure modes,
offering a framework that can be adapted and tailored to
various electrolyzer configurations. Because each pulsing pro-
tocol is highly sensitive to material selection, any modification
to system components often requires corresponding adjust-
ments to the operating conditions. Therefore, establishing a
well-defined and systematic methodology for protocol develop-
ment will provide a valuable framework for advancing research
and optimizing process control, ultimately bridging a critical
gap in the development of pulsed-current strategies.

Results and discussion

As a starting point for high CO, to ethylene activity, we adopted
an electrode designed based on previous optimization using
Cu/ionomer nanoparticle overlayers for zero-gap electroreduc-
tion of CO, to ethylene. This design incorporates a Cu layer
deposited through physical vapor deposition with an additional
Cu-nanoparticle/ionomer layer on top. We previously identified
that the additional nanoparticle/ionomer layer can improve

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of pulsed CO, electrolysis (a) Top: Cartoon depicting
salt precipitation during constant current electrolysis, bottom: Cartoon
depicting pulsed currents allowing water and salt to clear the electrolyzer.
(b) General schematic of electrochemical pulsing at primary current
density (Jp) and a reduced current density (Jr), and their corresponding
times (tp and tr respectively). Blue coloring in the GDL represents a water
filled GDL and grey represents a dry GDL, Blue circles represent K*. The
current remains cathodic throughout the experiment.

performance by tuning the water activity and mitigating elec-
trolyzer flooding.”” This work demonstrated that the TMA-PPO
had superior activity ethylene production at 200 mA cm > due
to its water uptake properties compared to other commercially
available ionomers. All experiments used a Sigracet® carbon-
based GDE with a 300 nm copper (Cu) layer deposited by
physical vapor deposition (PVD) on the microporous layer,
followed by spray-coating with an additional catalyst-ionomer
layer (3.5 mg Cu cm™?) containing Cu nanopatrticles and a tri-
methyl ammonia poly(phenol oxide) anion exchange ionomer
of ionomer-catalyst (I:C) ratio of 0.3. All electrochemical
experiments were performed in a 5 cm” zero-gap electrolyzer
heated to 40 °C, fed with 40 °C pre-heated, humidified CO, gas
to the cathode, and room temperature 0.5 M KOH from a 5 L
anolyte reservoir at the anode. Gas flow rates of the experiments
were all monitored through a mass flow meter. All data sets
used a steady-state, non-precipitation flow rate to calculate the
faradaic efficiency (FE) of gas products. We identify precipita-
tion events indirectly by monitoring fluctuations in the gas

© 2026 The Author(s). Published by the Royal Society of Chemistry
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chromatography data alongside decreases in the mass flow
rate. Both signals indicate partial salt blockages in the flow
fields, which lead to unsteady gas flow rates reaching the gas
chromatograph.

Using our previously optimized I: C ratio of 0.3, we identified
the temporal failure of a precipitation event, of our electrolyzer at
2.5 hours when applying a steady-state current of 200 mA cm™ 2>
We were able to identify precipitation as the root-cause of failure
due to the changes observed as a drop in flow rate at our mass flow
meter. We observed a steady decrease in mass flow downstream of
the gas chromatograph, indicating blockage within the flow field.
This was confirmed upon dismantling the electrolyzer, where
precipitates were found in the flow channels (Fig. S1). To demon-
strate the blockages through our GC data, we maintained the
steady-state CO, flow rate for calculating our gas product selectivity.
Maintaining a constant gas flow rate during our calculations allows
individual data points to fluctuate and can result in the total
faradaic yield exceeding 100%. When combined with mass flow
meter readings, this serves as an online indicator of precipitation in
this study (Fig. S2).

We observed that continuous electrolyzer operation at
200 mA cm ™ for approximately 1-2 hours resulted in precipitation
and complete blockage of the flow fields (Fig. 2(c)). To mitigate this
issue, we systematically investigated the limits of our electroche-
mical pulsing protocol by sequentially stepping down and stepping
up the Ji for 15 minutes, followed by 45 minutes of operation at Jp,
and tracked the relative change in ethylene selectivity over time. 15
minutes was chosen as the first Jr because it was the shortest cycle
for which we could obtain accurate gas chromatography data,
whilst 45 minutes was slightly below the one-hour threshold after
which precipitation would be observed. Fig. 2(b) shows the far-
adaic efficiency for ethylene (FEtnyiene) While stepping down the Jx
from 100 mA cm™> to 30 mA cm™ >, whilst Fig. 2(c) shows the
FEchylene When stepping up Jr from 20 mA cm™ 2 to 100 mA cm ™.
When progressively stepping up Jz from 10 mA cm > to
90 mA cm 2 over the course of several hours, we observe a low
initial FEehyiene Of 20% whereas, when progressively stepping
down Jg, the initial FEcgpyiene is 30%. However, during both
experiments, the FEcgyiene increases throughout the 45 minutes
at tp; we attribute this rise in ethylene selectivity over the course of
45 minutes to a rise in potassium ion (K') concentration at the
cathode catalyst.>* The increase in cation transport is due to the
co-ion electro-osmotic drag through anion exchange mem-
branes, which is more pronounced at higher -current
densities.”>* Previous studies have demonstrated that increas-
ing the local concentration of alkali cations at the cathode
enhances carbon dioxide electro-reduction®® and facilitates
carbon-carbon bond formation on copper catalysts.>>® Step-
ping down J from 100 mA cm™> to 20 mA cm™ > allows for an
initial large accumulation of K* at the cathode. In contrast, starting
from a low Ji (10-20 mA cm™?) leads to slower accumulation of K*
at the cathode, delaying the conditions for enhanced ethylene
production. The effect of K' can be seen through the gradual
increase in FEcpyiene throughout the step-up experiment. To
validate this hypothesis, we conducted two experiments by pulsing
the current density between 10-50 mA cm ™2 and 90-50 mA cm ™2,
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Fig. 2 Faradaic efficiency for ethylene during CO, electrolysis with pulsed and constant current at 200 mA cm™2. (a) Faradaic efficiency toward ethylene
during pulsed electrochemistry, when progressively increasing Jg (b) and progressively lowering Jg. (c) The line graph indicates the current density. When
progressively raising the relaxation current density, the selectivity toward ethylene lags during the first few points after returning to the primary current
density, indicating that reaching a steady state takes place over a few minutes of continuous operation. (d) Measurement of the change in potassium ion

concentrations during experiments stepping down Jg from 90 to 50 mA cm™2 and stepping up Jg from 10 to 50 mA cm™

respectively. Free K' concentrations were measured using a potas-
sium ion-selective electrode before and after each test.>® The
results revealed a more than tenfold difference in K depletion,
with the anolyte showing a AK" depletion of 5727.13 ppm in the
90-50 mA cm > test solution compared to 359.27 ppm in the 10-
50 mA cm 2 solution (Fig. 2d). We do note that the higher K*
concentration (0.5 M) may lead to significant K" crossover due to
diffusion in the presence of a Sustainion™ membrane. However,
the order of magnitude discrepancy between AK" from the pulse-
up and pulse-down experiments suggests that osmotic-drag is the
dominant phenomenon influencing crossover.

Both the step-up and step-down experiments showed that
operating for 15 minutes at any of the tested reduced currents
(10-100 mA cm™?) extended the electrolyzer lifetime compared to
continuous operation at Jp. However, due to the changes in K
transport during a step-up or step-down pulse sequence, the
effects of cation transport and the specific reduced current
densities on the FEgwyene remain convoluted. To isolate the
effects of Jg, we performed durability experiments to observe
changes in the ethylene selectivity, as a function of Jg, as a proxy
for monitoring the onset of precipitation. We chose 100, 50 and
20 mA cm ? as Ji to investigate the boundaries of our initial
study and an intermediate current density (Fig. 3(a)). We observe
that precipitation does eventually occur when Ji is 100 and
50 mA cm™ 2, as seen through fluctuations in product selectivity.
When J is 100 mA cm ™ (Fig. S3(a)), we observe variability in

EES Catal.
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FEcylene fOr the entire experiment but with fluctuations of rising
amplitude occurring after 4 hours. When J; is 50 mA cm ™
(Fig. S3(b)), we observe relatively steady product selectivity,
followed by precipitation at 7 hours. We postulate that the
enhanced fluctuations observed during the electrochemical pul-
sing with J at 100 mA cm 2 are linked to a reduction in water
crossover from the anode to the cathode, caused by diminished
electro-osmotic drag at current densities lower than the opera-
tional current. The decrease in water crossover from anode to
cathode, coupled with an intermediate water consumption rate,
is likely leading to early precipitation/dissolution events due to a
lack of water at the catalyst interface and within the flow field. In
contrast, we associate the precipitation occurring at 50 mA cm >
with a depletion of K in our anolyte reservoir. A lower K
concentration in the anolyte reduces K" crossover to the cathode,
thereby decreasing the amount of water that crosses over from
the anolyte to the cathode. This gradual decrease in water cross-
over leads to dehydration and eventual precipitation of carbonate
salts at the cathode.

When Jr was reduced to 20 mA cm™~, there is stable FEc¢hyiene
for the first 10 hours, followed by a gradual decrease in the 30
and 45-minute gas chromatography measurements post each tx
(Fig. S3(c)). The gradual and uniform drop in ethylene selectivity
at the second and third measurements, but not the first,
suggests that this reduction in selectivity was due to depletion
of K" in the system, as opposed to salt precipitation, which

—2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(b) demonstration of 24 hours of stability using a 200 — 20 mA cm™2 pulsed current profile.

would impact all measurements. This hypothesis was tested in a
25-hour experiment (Fig. 3(b), Fig. S4), during which the anolyte
reservoir was replaced after 9 hours. The anolyte exchange
resulted in a steady increase of FEcwmyiene, Suggesting that the
introduction of additional K" impacts product selectivity; four
hours after the anolyte exchange, a similar reduction in FEcgyiene
was observed, further supporting the hypothesis that K" crossover
and maintaining a steady-state water flux is an important aspect
of this system. Analysis of the anolyte after 15 hours of electro-
lysis indicates that the pH remains unchanged at pH > 13.5.
This result demonstrates the ability to maintain selectivity during
electrolysis and avoid precipitation by maintaining appropriate
crossover rates of both water and potassium cations. Postmortem
analysis of the electrode after 24 hours was not performed due to
delamination between the membrane and electrode upon
removal from the electrolyzer. However, we do note that previous
reports of pulsed currents that remain under cathodic potential
do not report changes to the Cu morphology as seen when
applying oxidative pulses.

While many pulsing procedures seek to stabilize oxidized
copper species to enhance ethylene selectivity, we hypothesize
that our low-frequency pulsing protocols primarily regulate the
distribution of water and salts. Operando X-ray absorption
spectroscopy (XAS) studies in flow cells have shown that changes
to copper’s surface oxidation state, and the corresponding
changes in product distribution, occur on timescales of seconds
to minutes.*>*' Recent examples of operando XAS in zero-gap
systems suggest that the reconstruction towards metallic copper
occurs even more rapidly without aqueous electrolyte. Our “rest”
pulses are still cathodic current, and thus never allow for the
formation of more oxidized copper. During constant-current
tests, we observed sudden catastrophic failures rather than
gradual changes in selectivity, which correlate with the presence
of salt deposits in the flow fields upon cell disassembly. Thus, we
focus on elucidating how low-frequency pulsing extends cell
lifetime by regulating water distribution.

© 2026 The Author(s). Published by the Royal Society of Chemistry

To test our hypothesis that pulsed currents can prevent salt
precipitation and flooding in the cathode, we performed oper-
ando neutron radiography (NR) experiments.***® Importantly,
we believe that the differences in geometric area between NR
electrolyzer and our laboratory electrolyzer leads to our NR
electrolyzer not fully precipitating as we observed for our labora-
tory electrolyzer. The decrease in total current (3 cm® vs. 5 cm?)
leads to a decrease in cation crossover, coupled with identical
humidity between both experiments allowing for the 3 cm’
electrolyzer to keep any K dissolved. Additionally, the NR
electrolyzer also has parallel flow fields rather than single
serpentine flow fields used for benchmarking, which may affect
distribution of CO, and humidity through the back of the GDE,
leading to slightly different effects. Nonetheless, we expect that
the highly different water distributions observed under pulsed
versus constant current operation are representative of general
behavior, with precipitation being delayed rather than entirely
suppressed.

After an initial conditioning period (15 minutes at
100 mA cm™?), the cell underwent four cycles of 45 minutes
at 200 mA cm > (Jp) and 15 minutes at 20 mA cm ™2 (Jg). Using
a fresh catalyst and electrolyte, the experiment was repeated at
a constant current of 200 mA cm ™ for the same duration. The
voltage and measured CO, at the outlet of the neutron radio-
graphy experiments can be found in Fig. S5. Interestingly, the
time at Ji (top row of Fig. 4(b)) allowed water transport through
the GDE into the flow fields, with subsequent drying during Jp.
Despite the wetting of the flow fields, the back of the GDE
remained dry throughout due to its hydrophobicity, observed
through the less attenuated gap between the membrane and
the flow field channels.*® The pulsed test was also extended to a
final 200 mA cm ™2 pulse, where the flow fields and electrode
were relatively dry again (Fig. S6). Additionally, there were no
signs of salt formation during the postmortem inspection.

In contrast, in the constant current test (bottom row of
Fig. 4(b)), water permeates through the GDE without reaching
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(a) Transmission neutron radiograph (cropped to the cathode area) of the electrolyzer before electrolyzer operation. (b) Operando neutron

radiograph. The baseline radiograph was taken with continuous anolyte flow, continuous CO, flow without humidification, steady temperature at 40 °C,
and before applying an electrical current. (c) Inset of neutron radiographs in dashed yellow squares from 4b — top: pulsed, bottom: constant current.

the flow field channels until it begins to flood near the inlet at
the end of the test after about 200 minutes. This is observed by
the increase in intensity at the top right of the constant current
radiograph from 195-240 minutes, a feature which is not
observed in the radiograph with the same timestamp in the
pulsed current test. This increase in intensity at the inlet may
result from either water accumulation or salt precipitation,
although precipitation would likely have to be from potassium
bicarbonate (rather than the less soluble carbonate salt) as
carbonate does not strongly attenuate neutrons. During Jp, the
drying of the GDE could be a result of the increase in water
consumption due to the increase in current density.>” The
reduced rate of liquid product production allows excess water
to pass through the GDE, thereby alleviating product build-up
and water accumulation. These data suggest that water accumu-
lation in the flow channels does not necessarily induce cathode
flooding; rather, flooding occurs only when the GDL reaches
maximum saturation throughout the entire thickness. Maximum
saturation is dependent on the hydrophobicity of the GDL
material. Carbon-based Toray and Freudenberg -comparable to
Sigracet - have been shown to achieve maximum saturation of 45—
50%.3%39

Collectively, these electrochemical, gas composition, and
radiographic measurements suggest that the applied pulsed-
current protocol enables dynamic re-stabilization by allowing
water to redistribute and flush through the GDE. The hypothe-
sized mechanism of regeneration is summarized in Fig. 1a. The
relaxation period at low current density allows for a “flushing” of
the back of the catalyst from a combination of water transport
through the GDE, diffusion, and humidified CO, at the inlet to
remove precipitated salts. During Jr the decrease in water con-
sumption from lower current densities allows for mixing of liquid

EES Catal.

products such as ethanol into the water, which can decrease in
surface tension of the water and allow the mixture to rapidly
diffuse away from the catalyst surface. Once the current returns
to Jp water is more rapidly consumed at the higher current
densities, but more importantly organic byproducts are removed
from the catalyst layer allowing the hydrophobic microporous
layer to promote CO, reduction as opposed to HER.***! Thus, the
pulses allow for balancing of the amount of water in the GDE,
while also periodically removing precipitated salts and organic
byproducts, both of which are essential for high efficiency, long
duration electrochemical ethylene production. Using operando
neutron imaging we were able to validate our hypothesis about
the role of pulsing on water management in the catalyst layer
which facilitated doubling the durability of the electrolyzer.

Conclusions

In this study, we enhanced the understanding of how low-
frequency pulsing at low current density facilitates the removal
of excess water and mitigates salt accumulation. We also identi-
fied key considerations for designing an effective electrochemical
pulsing protocol. Given the unique and specific chemical and
electrochemical dynamics of each CO,RR setup, it is vital to
account for all potential interactions involved, including the
choice of membrane, alkaline salt, and the type of electrolyzer.
This ensures the creation of a pulsing protocol tailored to
minimize the rate and nature of precipitation in specific config-
urations. Our findings establish a flexible framework that can be
adapted across different setups, ultimately enhancing the long-
evity and efficiency of electrolyzers. Further refinement of pulsing
strategies using operando observation of the system as a guide,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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alongside monitoring the anolyte’s free K' concentration and
periodically replacing anolyte could provide a pathway to long-
term stable operation of zero-gap CO, to ethylene electrolyzers.
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