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ABSTRACT: The electrochemical conversion of CO2 produces valuable
chemicals and fuels. However, operating at high reaction rates produces
locally alkaline conditions that convert reactant CO2 into cell-damaging
carbonate salts. These salts precipitate in the porous cathode structure,
block CO2 transport, reduce reaction efficiency, and render CO2
electrolysis inherently unstable. We propose a self-cleaning CO2
reduction strategy with short, periodic reductions in applied voltage,
which avoids saturation and prevents carbonate salt formation. We
demonstrate this approach in a membrane electrode assembly (MEA)
with silver and copper catalysts, on carbon and polytetrafluoroethylene
(PTFE)-based gas diffusion electrodes, respectively. When operated
continuously, the C2 selectivity of the copper−PTFE system started to
decline rapidly after only ∼10 h. With the self-cleaning strategy, the same
electrode operated for 157 h (236 h total duration), maintaining 80% C2 product selectivity and 138 mA cm−2 of C2 partial
current density, at a cost of <1% additional energy input.

The reduction of carbon dioxide (CO2) emissions is
essential to mitigate climate change-driven environ-
mental damage.1,2 The rapidly decreasing cost of

renewable electricity, coupled with the need for energy storage
from these intermittent sources,3−7 has motivated electro-
chemical pathways for the CO2 reduction reaction (CO2RR)
to valuable chemicals and fuels.8−12

Gas diffusion electrodes facilitate effective CO2 mass
transport to the cathode catalyst (Figure 1a),13 enabling
electrolyzers to operate at the current densities required for
industrial deployment, e.g., in excess of 100 mA cm−2.14,15

Alkali metal cations, typically potassium, are implemented
broadly in aqueous electrolytes to reduce ohmic losses and
improve the CO2RR current density and selectivity.16,17

Performing CO2 electrolysis at high current densities inevitably
produces large quantities of hydroxide ions on the cathode,
driving up the local pH and thus encouraging the chemical
reaction of dissolved CO2 with these hydroxide ions to
produce bicarbonate ions on route to carbonate ions (Figure
1b).18,19 The negative potential on the cathode forms an
interfacial electric field that attracts cations from the electrolyte
to the cathode outer Helmholtz plane.20 At steady-state
conditions, potassium and carbonate ions are present in excess
of the solubility limit, resulting in the formation of solid

potassium carbonate salts. This effect is not expected to be
unique to potassium carbonate; carbonates of other commonly
used alkali metal cations will have more salt formation issues
due to their lower solubility limits (Table S1).21 These salts
precipitate within the catalyst and gas diffusion layers,
progressively reducing CO2 mass transport until the pores
are completely blocked and CO2RR is eliminated. Salt
precipitationinevitable at steady-state conditionsprecludes
stable CO2RR.
The conventional approach to mitigate the effects of

carbonate salt formation has been to rinse the electrode with
water, either by disassembling the cell or injecting water
periodically into the CO2 supply during operation.22,23 The
addition of water content hampers CO2 transport to the
catalyst layer, thereby encouraging hydrogen (H2) generation
and lowering CO2 electrolysis efficiency during and immedi-
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ately after the washing cycle. Systems using rinsing-based
approaches have achieved only small enhancements in stability
(<10 h total duration) and struggle to maintain a stable current
density.23−25 Salt precipitation occurs deep in the microporous
layer of the gas diffusion electrode and once formed is very
difficult to remove.
In this work, we sought to prevent salt formation by

alternating our applied cell voltage between an operational
voltage and a lower regeneration voltage (Figure 1c). Different
alternating voltage and pulsed electrolysis strategies have been
employed in CO2 electrolyzers with a range of duty cycles.26

Depending on the specific conditions, previous reports have
been able to adjust the surface CO:H2 ratio,27 increase C2+

production,28 and decrease H2 generation.29 Our computa-
tional modeling illustrates that steady-state operation of CO2

electrolyzers yields high carbonate concentrations which lead
to inevitable salt formation. To avoid these steady-state
conditions, we employ a regeneration potential that lowers
the reaction rate to nearly 0 mA cm−2, eliminating hydroxide
formation, while maintaining a sufficiently negative polar-
ization at the cathode to transport carbonate ions to the anode
under electromigration (Figure 1d). Using carbon paper and
PTFE-based electrodes for silver and copper catalysts,
respectively, we perform CO2 electrolysis in an MEA. This
alternating voltage approach produces a product distribution
similar to that of the constant voltage operation but
demonstrates much better stability, 157 h of operation (236
h of total duration) as compared to ∼10 h when copper−
PTFE electrodes were operated continuously.

To better understand this salt prevention strategy, a
computational model of CO2RR was developed to assess the
concentration profiles of key species during operation (Figure
S1). When we operated at a constant voltage of −3.8 V, the
local carbonate concentration reached the potassium carbonate
solubility limit (the solubility product constant = 2073 at 20
°C, Supporting Information Solubility Calculation)30 within
1200 s (Figure 2a). Salt crystal formation is expected where the
computational model predicts salt ions in excess of the
solubility limit (indicated in Figure 2). Steady-state conditions
were reached after 4000 s with the local potassium and
carbonate ionic concentration on the cathode well above the
solubility limit. These results confirmed that steady-state
conditions cannot be achieved without the local concentration
of carbonate exceeding saturation, and thus, salt precipitation is
inherent and inevitable in these systems on the time scale of
minutes. However, after the first 60 s of operation, the
carbonate concentration was only 2.1 M, well below the
potassium carbonate solubility limit.
We then simulated various regeneration periods at −2.0 V to

analyze concentration changes immediately after 60 s of
operation (Figure 2b). This cell voltage was the highest voltage
which could obtain a near-zero current density (below 1 mA
cm−2 on average, Figure S2), thereby maximizing the electric
field strength and minimizing hydroxide/carbonate generation.
The results demonstrate that increasing the regeneration time
significantly reduced the carbonate concentration at the
cathode. Applying a 30 s regeneration period lowered the
carbonate concentration ∼2000-fold, to ∼10−3 M from its
preregeneration level of 2.1 M, indicating an elimination of

Figure 1. Carbonate formation in MEA CO2 electrolyzers and the self-cleaning CO2 reduction strategy. (a) Schematic of the MEA CO2
electrolyzer. (b) CO2 conversion to bicarbonate and carbonate during regular electrolyzer operation. (c) Strategy to mitigate carbonate
formation by cycling between operational and regeneration cell voltages. (d) Carbonate migration during cell operation at the regeneration
voltage.
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>99.9% of carbonate at the cathode. During the operational
period carbonates still travel to the anode, but the rate of
generation exceeds the migration rate (Figure S3). To verify
that electromigration, not thermodynamic diffusion, was
responsible for these lower carbonate concentrations, we
temporarily removed electromigrative effects from the model.
Without electromigration, the carbonate concentrations in the
cathode catalyst layer were at least an order of magnitude
higher (Figure 2c) and the hydroxide concentrations were also
substantially higher (Figure S4). These findings suggest that a
regeneration step can maintain carbonate concentrations below
the solubility limit and thereby prevent salt formation.
To showcase the promise of this alternating strategy, we

simulated a cycle with 60 s operation followed by 30 s
regeneration (Figure 2c). The highest carbonate concentration
reached in the alternating simulation was 3.4 M, well below the
solubility limit. This limit was reached at ∼2000 s (22 periods)
after which the peak species concentrations did not increase
further with the highest carbonate concentration reaching only
3.4 M at this time. Simulations were also performed with
shorter regeneration times per cycle, namely, 10 and 20 s
variants, but the peak carbonate concentrations were much
closer to the solubility limit (e.g., the 20 s regeneration time
had a peak carbonate concentration of ∼6 M, Figure S5).
Although hydroxide and bicarbonate ions can also form salt

precipitates with potassium cations, the peak concentrations of
these ions in our models are much lower than their respective
solubility limits, suggesting that carbonate is the dominant salt
precipitate in this system (Figure S1). The alternating voltage
strategy maintains a stable carbonate concentration below the
carbonate salt solubility limit.
To demonstrate our carbonate reduction strategy, we

fabricated a cathode by spraying a carbon gas diffusion layer
with silver nanoparticles to produce carbon monoxide (CO) in
a CO2RR MEA electrolyzer. 0.1 M potassium bicarbonate was
used as anolyte, and an iridium-based catalyst was used to
perform oxygen evolution (Supporting Information, Sample
Preparation). Performing CO2RR at a constant operational
voltage of −3.6 V, after just 12 h of operation, the CO
selectivity dropped from 98% to 76% (Figure 3a). During that
operational period, the H2 selectivity increased by a
complementary amount, while the current density decreased
slightly from 170 to 160 mA cm−2. This behavior is typical,
characteristic of salt formation in the reactor and associated
blockage of reactant CO2 (see inset of Figure 3a).
Applying the unsteady electrochemical forcing strategy, we

cycled the system with 60 s at the same operational voltage
(−3.6 V) with 30 s of regeneration at −2.0 V (Figure 3b). For
a direct comparison with the continuous test, this alternating
system was operated for 12 h (18 h total duration). Unlike the

Figure 2. Carbonate concentrations within the MEA: (a) different operational times for continuous operation at −3.8 V (current density of
172 mA cm−2), (b) different regeneration times (regeneration voltage = −2.0 V) after 60 s of continuous operation, (c) comparison of
electromigrative and concentration-driven diffusive effects, and (d) different total times when applying the alternating voltage strategy
(periodic 60 s of operational voltage and 30 s of regeneration voltage). Salt crystal formation is predicted where salt concentrations in the
model exceed the solubility limit (indicated by the dashed line).
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continuously operated reactor, which operated at the same
current density for the same amount of operational time, this
reactor had no visible salt formation and sustained a high CO
selectivity. Upon comparison of operational voltages over short
time scales, the alternating sample (Figure 3c and Table S2)
exhibited selectivities and current densities similar to those of
the sample operated continuously (Figure S6). The test was
stopped after 18 h (total) for direct comparison with the
continuously operated system.
To ensure that the stability improvements of the alternating

strategy were from the regeneration period and not from the
lower average current density, we operated a silver cathode
sample at a slightly lower constant operational voltage (−3.4 V
shown in Figure S7). After 18 h of continuous operation the
effects of salt precipitation were again major; the CO selectivity
had decreased to 83%, and salt precipitates half-filled the gas
channels. With the same time-averaged current and total

charge passed, the alternating strategy yielded stable perform-
ance and no detectable carbonate salt.
To demonstrate the versatility of our strategy, we applied it

to a copper-based catalyst on a PTFE-based electrode design
reported previously (Supporting Information, Sample Prepara-
tion).13,31 Despite the change in both the catalyst material and
electrode substrate, the stability was maintained. When the
copper electrode was operated continuously, there was much
salt precipitation visible after 48 h (Figure S8), which in turn
caused the CO2RR selectivity to decrease to 72% (Figure 4a)
and the current density to decline (Figure S9). Raman analysis
of the cathode salt precipitates confirmed potassium carbonate
to be the dominant precipitate (Figure S10). Operating a silver
sample on PTFE yielded similar salt precipitation, confirming
that CO2RR products were not the cause of precipitation on
these PTFE electrodes (Figure S11). Unsteady forcing, with 60
s of operation at −3.8 V followed by 30 s of regeneration at
−2.0 V, yielded a stable CO2RR selectivity for 157 operational

Figure 3. Electrochemical performance of silver catalyst on carbon paper: (a) stability of continuously operated sample at −3.6 V, (b)
stability of alternating operation sample (60 s at operational voltage and 30 s at regeneration voltage of −2.0 V), and (c) selectivity of
alternating operation sample at different operational voltages.

Figure 4. Electrochemical performance of copper catalyst on PTFE electrode: (a) selectivity of continuously operated sample at −3.8 V
during long-term operation, (b) selectivity of alternating operation sample (60 s at operational voltage of −3.8 V and 30 s at regeneration
voltage of −2.0 V) during long-term operation, (c) current density of alternating operation sample during long-term operation, (d)
magnified early view of current density and late view of current density, (e) selectivity of alternating operation sample at different
operational voltages, and (f) energy expended on regeneration and operational modes.
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hours (236 h of total duration) with no detectable evidence of
salt formation (Figure S12) and no degradation in perform-
ance prior to shutting down the experiment (Figure 4b).
The current density of the copper−PTFE system fluctuated

during the 236 h experiment (Figure 4c). Early in the
experiment, there was a gradual increase in current density
from 110 to 250 mA cm−2 during the 60 s of operation, as the
electrolyzer cycled back to the operational voltage (Figure 4d).
However, after 2000 cycles (50 h total duration), the response
of the current density was immediate upon application of the
operational voltage, jumping to 175 mA cm−2 and remaining
constant for the 60 s operational period (Figure 4d). This
change in temporal response suggests that the capacitance of
the system decreased during the run such that the electrical
double layer responded quickly to the application of the higher
voltage. In battery and water electrolyzer applications, a similar
decay in capacitance is observed for copper- and iridum-based
catalysts when cycled over long periods.32−34 After this initial
warm-up period, the alternating system achieved a fast current
response to the voltage change to maintain a uniform reaction
rate during the operational periods. Ex situ XPS analysis of a
copper sample suggests that the catalyst was in metallic form
during operation (Figure S13).
The current density and product selectivity were nearly

identical for the alternating (Figure 4e and Table S2) and
continuous (Figure S14) operational forms over short time
scales at different operational voltages. To the best of our
knowledge, the stability toward C2 products reported here is
the longest in current literature among CO2 electrolyzers
operating at industrially viable currents (Table S3). Because
the regeneration voltage was selected to be well below the
activation voltage, the regeneration period operates at a
negligible current, much lower current than the operational
period. Therefore, there is minimal additional energy required
to power the regeneration period because the regeneration
period consumes less than 1% of the system energy
requirements (Figure 4f). The alternating system also
minimizes the addition of new electrolyte salts, new catalyst
materials, and catalyst replacement downtimes, combining for
a significant operational advantage.
In summary, when CO2 electrolysis is performed at

industrially relevant current densities, the steady-state alkaline
conditions lead, inevitably, to salt formation. We presented a
self-cleaning CO2 reduction strategy to circumvent the steady
state by cycling between an operational and regeneration
voltage. The regeneration period maintained an electric field
for carbonate ions to migrate to the anode, lowered cathode
concentrations, and avoided damaging salt formation. This
approach was applied to silver and copper catalysts on carbon
paper and PTFE-based electrodes, respectively. The product
selectivity of the alternating mode was shown to be similar to
that of the continuous operation, with the advantage that
alternating operation yielded no detectable carbonate for-
mation, thereby enabling long-term stable operation. The loss
of reactant CO2 to carbonates is a larger challenge before the
field; the strategy presented here avoids the associated damage
to the cell that has limited the stabilityand applicabilityof
CO2RR systems. Using this strategy, we were able to operate a
copper−PTFE sample in an MEA-based electrolyzer for 157 h
(236 h total duration), maintaining a C2 product selectivity of
80% and a C2 partial current density of 138 mA cm−2 with a
cost of <1% additional system energy input.
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