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Abstract: Electrochemical reduction of CO, poses a vast
potential to contribute to a defossilized industry.
Despite tremendous developments within the field, mass
transport limitations, carbonate salt formation, and
electrode degradation mechanisms still hamper the
process performance. One promising approach to tweak
CO, electrolysis beyond today’s limitations is pulsed
electrolysis with potential cycling between an operating
and a regeneration mode. Here, we rigorously model the
boundary layer at a silver electrode in pulsed operation
to get profound insights into the dynamic reorganization
of the electrode microenvironment. In our simulation,
pulsed electrolysis leads to a significant improvement of
up to six times higher CO current density and 20 times
higher cathodic energy efficiency when pulsing between
—1.85 and —1.05V vs SHE compared to constant
potential operation. We found that elevated reactant
availability in pulsed electrolysis originates from alter-
nating replenishment of CO, by diffusion and not from
pH-induced carbonate and bicarbonate conversion.
Moreover, pulsed electrolysis substantially promotes
carbonate removal from the electrode by up to 83 %
compared to constant potential operation, thus reducing
the risk of salt formation. Therefore, this model lays the
groundwork for an accurate simulation of the dynamic
boundary layer modulation, which can provide insights

into manifold electrochemical conversions. j
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Introduction

Electrochemical reduction of CO, has become an industri-
ally viable option in the development of carbon utilization
technologies in recent years.'! However, with systems for
CO, conversion already reaching pilot scale and operating
at industrially relevant production rates, research needs to
focus on improving the process’s energy efficiency,
durability, and selectivity.”! Pulsed electrolysis, i.e., the
dynamic control of the cathode potential, has garnered
increasing attention as an attractive tool to improve
selectivity and durability of CO, electrolysis beyond
steady-state operation.’*! Improvements in process selec-
tivity and durability occur by adjusting the local reaction
environment at the electrode, influenced by various
effects.’)’ The most relevant phenomena observed in
pulsed electrochemical CO, reduction on silver electrodes,
as studied in this work, can be summarized as weaker and
stronger electrostatic attraction and repulsion, replenish-
ment and depletion of CO,, and salt removal and
precipitation occurring at the reorganization and opera-
tion potential, respectively. Shiratsuchi et al.”! reported
stable and improved CO Faradaic efficiencies on a silver
electrode in pulsed operation compared to potentiostatic
operation. They concluded that rearrangement of the
surface coverage with specifically adsorbed hydrogen
atoms favors different reaction pathways. Thus, by regu-
lating the magnitude of the cathodic potential pulse,
Shiratsuchi etal. could tune the selectivity between
methane and less hydrogenated molecules like CO and
formic acid. Another influential parameter in pulsed
electrolysis is the pulse duration step. Xu et al.”! demon-
strated almost two times higher current densities for CO,
reduction when using pulse duration steps >0.5s com-
pared to chronoamperometric operation. The improved
reaction rate in pulsed electrolysis is attributed to
increased CO, accessibility resulting from recovery of the
local reaction environment in the pulse off-time. More-
over, the long-term stability could be significantly im-
proved over 25 hours of operation. The improvement in
stable operation was more thoroughly investigated by the
groups of Sargent and Sinton."! A detrimental phenomen-
on occurring in CO, electrolysis at high reaction rates is
the precipitation of carbonate salts due to increased local
alkalinity. This leads to flooding and blockage of reactant
transport paths in the gas diffusion electrode. However,
pulsing the applied potential between the operating
potential and a lower regeneration potential forces
carbonate ions to migrate away from the cathode during
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the regeneration period. Hence, the carbonate concen-
tration in the immediate cathode catalyst environment
could be significantly reduced, and stable operation of
more than 236 h was achieved. In recent work, Lu et al.”!
used optical coherence tomography to visualize the
dynamics of reactions and mass transport of gas and liquid
phases within a silver gas diffusion electrode during
galvanostatic and pulsed operation. They showed that
applying a square-wave current profile helps to substan-
tially remove accumulated gas bubbles in the porous
electrode, which significantly reduces the electrochemi-
cally active surface area within the electrode and, thus,
productivity. Besides the aforementioned improvements
in controlling reaction pathways, modulating mass trans-
port, and regulating the local pH discussed for silver
electrodes, the literature on pulsed electrolysis also
reports changes to the catalyst, e.g., electrode restructur-
ing and surface roughening of copper catalysts, enhancing
the electrochemical performance.'™!! However, these
effects are beyond the scope of this work. The local
reaction and mass transport phenomena are difficult to
resolve in the respective length and time scales using
experimental techniques, thus calling for mathematical
approaches to reveal the complex species-electrode inter-
actions. Bui etal." developed a transient continuum
model of the boundary layer (BL) in COMSOL Multi-
physics to study local pH effects and reactant transport by
applying various pulse shapes. They found that the
enhancement in selective CO, reduction to multicarbons
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not only results from high CO, concentrations but also
from high pH values and overpotentials. However, the
model neglects steric effects of ions, which become
relevant in the considered potential regimes and signifi-
cantly influence the local reaction conditions at the
electrode.l*""I Moreover, the electroneutrality assumption
in their model does not hold for the immediate electrode
region.'! Bohra et al.'! and later Butt et al.™! demon-
strated that a size-modified expression of the Poisson-
Nernst-Planck equation is necessary to adequately model
the local mass transport in the immediate electrode
environment. Several researchers have implemented the
generalized modified Poisson-Nernst-Planck or the size-
modified Poisson-Nernst-Planck to obtain a more realistic
and complete representation of the electric double layer
(EDL) in CO, electrolysis.'*'>!7?l While these models
cover asymmetric electrolytes with multiple ion species
and finite ion sizes over a wide range of potentials and
length scales, the system of equations is numerically
challenging and computationally demanding, thus, elec-
trochemical reactions are mostly simplified, and only
steady-state solutions are presented.'*?!l However, to
elucidate the underlying mass transport and reaction
phenomena in pulsed CO, electrolysis, rigorous consider-
ation as transient modeling, are indispensable. Here, we
present a time-dependent continuum model of the BL at a
silver planar plate electrode using the size-modified
Poisson-Nernst-Planck model to describe mass transport
and the Frumkin-corrected Tafel kinetic expression to
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Figure 1. Schematic illustration of the BL modeled in COMSOL Multiphysics 6.1. IHP and OHP stand for the inner and outer Helmholtz plane,
respectively. In the following, the domain where electroneutrality is not maintained is referred to as EDL. The illustration was adapted from Bard

et al.”!
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account for the electrochemical reactions. The model is
used to study the electrochemical CO, reduction in
constant potential and pulsed operation to elaborate the
mechanisms leading to the differences in reaction rate and
selectivity between the two modes. Moreover, we inves-
tigate the influences of pulse duration and potential
amplitude to derive guidelines for optimizing pulsed
electrolysis.

Results and Discussion

Figure 1 sketches the BL at a silver planar plate cathode
simulated in this work. A one-dimensional model was
implemented as the concentration and potential gradients
orthogonal to the electrode surface are of particular
interest. The domain of the model is confined by the two
boundaries, i.e., the outer Helmholtz plane and the bulk
solution. The model equations were implemented and
solved in COMSOL Multiphysics 6.1. More details are
described in the SI.

In the results section, we first discuss the model
validity and elaborate on mass transport limitations
typically observed at constant potential operation. After-
ward, we present and discuss the comparison to pulsed
electrolysis when applying different pulse profiles. The
kinetic parameters in Equation (S14)—(S15) were deter-
mined by fitting the model to experiments from Hatsu-
kade et al.’?! carried out in an electrochemical flow cell
with an aqueous 0.1 M KHCO; electrolyte solution and
silver foil as the cathode. For the parameter estimation, a
BL thickness of 150 um was assumed based on a similar
value reported by Weng et al.”*!, who also used the data of
Hatsukade et al. for validation. A more detailed descrip-
tion of the kinetic parameter estimation is described in
the SI. The polarization curve in Figure 2(a) shows a good
fit of the simulated total current densities with the
experimental values. Furthermore, the limiting current
density for the electrochemical CO, reduction in the
simulation is in good agreement with the experimental
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study, as shown in Figure 2(b). However, the model
slightly overestimates the CO current density in the low
and high potential regimes. Also, the simulated partial
current density for the HER in Figure 2(c) is higher than
the measured partial current densities between potentials
of —1.35V vs SHE and —1.75V vs SHE. Besides the
uncertainty in the model parameters taken from the
literature, the potential of zero charge, the boundary layer
thickness, and the charge transfer reaction kinetics are not
explicitly known for the experimental system of Hatsu-
kade et al. For a more accurate fit, the potential of zero
charge and the boundary layer thickness must be deter-
mined experimentally. Nevertheless, the fitted parameters
are in a reasonable range,” and the model matches the
order of magnitude of the experimental results and shows
good agreement with the trends observed in the study by
Hatsukade et al. To show the dependency of the simula-
tion results on the assumed BL thickness, simulations with
BL thicknesses of 100 um and 50 um are presented in
Figure S1-S2. As expected, the attainable CO current
densities shift to higher values due to shorter distances for
mass transport from the bulk phase to the reaction plane.
Also, the limiting current density increases and deviates
from the value measured in the work of Hatsukade et al.

In the constant potential simulations carried out for
the model validation, the CO, concentration in the BL
significantly drops when increasing the potential from
—1.05V vs SHE to —1.85V vs SHE, as indicated in
Figure 3(a). At —1.85 V vs SHE, CO, is almost completely
depleted in the BL, resulting in the observed decrease in
the CO, reduction rate in Figure 2(b). Figure S3(b)
presents the temporal evolution of the CO, concentration
in the BL at —1.85V vs SHE. The CO, concentration in
the BL drops almost to zero after only a few hundred
milliseconds and reaches a steady state at around 10 s, as
shown by the CO current density over time in Figure S3-
(a). The sudden increase in CO current density at around
2.0 E-07 s is due to the initial charging of the EDL. The
initial peak due to the charging current is much larger
than the faradaic current for the reduction reaction and
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Figure 2. Experimental (points) and simulated (curves) total (a) and partial current densities for the electrochemical CO, reduction to CO (b) and

the HER (c) as a function of the applied cathode potential. The experimental data was taken from Hatsukade et al.!
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Figure 3. CO, concentration (a) and pH (b) in the BL (150 pm) in steady-state over the logarithmic distance to the OHP, and the deviation from
the equilibrium of reactions (S8)-(S9) in the BL at a potential of —1.65 V vs SHE (c). A deviation of 1 corresponds to a much faster forward than
backward reaction rate. The dissociation reactions are in equilibrium if the deviation is 0. At highly negative values, the backward reaction rate is

much faster than the forward reaction rate.

can usually not be resolved experimentally as the EDL
charging is completed after a few ms.>*?! Only when
decreasing the data acquisition time of potentiostatic
measurements as low as 0.2 ms Bui et al." could show the
EDL charging experimentally. For an applied potential of
—1.05V vs SHE, the CO, concentration only changes
slightly along the BL as the diffusion of CO, is faster than
its consumption rate in the electrochemical reduction
reaction. Only in the first 1 nm of the EDL does the CO,
concentration slightly drop to 32.6 mM. Simultaneously,
Figure 3(b) shows an increase in the pH in the BL from
6.8 in the bulk electrolyte to 7.8 and 12.0 for —1.05V vs
SHE and —-1.85V vs SHE, respectively. The trends
observed for the pH in the BL are also in good agreement
with CO, electrolysis experiments on Ag foam in a flow
cell conducted by Zhang et al.’"! using operando Raman
spectroscopy. In the simulations of this work, the pH at
the immediate electrode surface drops to 6.9 at —1.05 V vs
SHE and 9.9 at —1.85 V vs SHE. The strong pH decrease
close to the OHP is due to the electrostatic repulsion of
OH- ions and the attraction of H" at the negatively
charged electrode and cannot be resolved with the
techniques used by Zhang et al.

The significant changes in the local pH affect the
dissociation reactions (S8)—(S10) as indicated by the
plotted deviation from the equilibrium in Figure 3(c). The
calculation of the deviation from the dissociation equili-
brium is calculated as presented in Equation (S25). The
dissociation reaction between HCO;  and CO;* is in
equilibrium for almost the entire domain. Only in the
range from 2 nm to the OHP, the dissociation equilibrium
is strongly shifted to the bicarbonate side of Reaction
(S8). The negative deviation from the equilibrium of
Reaction (S8) is most likely attributed to a combination of
the dropping pH value and the electrostatic repulsion of
HCO; at the electrode surface. The deviation of the
dissociation reaction of CO, to HCO;~ (Reaction (S9)) is
1 for the entire domain indicating that CO, is steadily
consumed in the BL because of the high alkalinity in the
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near-electrode region and sluggish reaction kinetics of the
backward reaction.”® Thus, HCO,~ does not act as a
resupply for CO, at the electrode vicinity. Moreover, the
consumption of CO, in the dissociation reactions results
in increased CO;*" formation at elevated potentials, as
shown in Figure S4(c). Similar findings were also recently
shown experimentally by Jovanovic etal.” using in
operando NMR spectroscopy. However, the dissociation
rates could be shifted by tuning the electrolyte cations’
catalytic properties.”!

The presented results highlight the importance of
modulating the local electrode environment, i.e., reactant
concentration and pH value, to improve reaction activity
and selectivity. Herein, we discuss the effects of applying
various pulsed potential profiles on the activity and
selectivity of electrochemical CO, reduction by improving
mass transport and local reaction conditions. The simu-
lated pulse profile with an operation potential of —1.65V
vs SHE and a regeneration potential of —1.05 V vs SHE is
depicted in Figure 4(a). Each potential was held for 1.0 s.

When applying the first pulse, the potential at the
OHP in Figure 4(b) responds with a jump from —0.77 V vs
SHE to —0.96 V vs SHE and a subsequent decrease to
—0.90 V vs SHE, after which the cathode potential is
switched to the regeneration potential. The initial peak
results from the enhanced charging of the EDL when
increasing the electrode potential and occurs repeatedly
when switching to the operation potential. However, the
peak height decreases with the number of “on-pulses”
(pulses at operation potential) and stays constant after
four pulses. Similar behavior of the trend in peak intensity
is also seen for the CO current density in Figure 4(c) and
was also observed experimentally by Bui et al.™? Even
though Figure S6 shows a significant charge build-up in
the immediate electrode environment at the first on-pulse,
charge conservation in the EDL cannot be the main
reason for the trend in the peak heights as the free charge
density before the seventh pulse is only slightly higher
than before the first pulse. Moreover, the charge passed
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Figure 4. Applied cathode potential (a), the potential at the OHP (b), CO current density (c), and the CO, concentration (d), pH (e), and K*
concentration (f) at the OHP when applying a pulse profile with an operation potential of —1.65 V vs SHE and regeneration potential of —1.05 V vs
SHE with a pulse duration of 1.0 s. The pulsed operation is started after a 15 s initialization phase at —1.05 V vs SHE. The grey lines refer to the

results of the constant potential operation.

during each “off-pulse” (pulse at regeneration potential)
remains fairly constant. Therefore, rather the adjusting
CO, concentration at the OHP in Figure 4(d) due to
alternating depletion and regeneration, i.e., diffusive
transport to the electrode, limits the attainable current
than the built-up of charge in the EDL.

At the beginning of each off-pulse, the OHP potential
reveals a small peak attributed to charge release when
switching from the high operation to the low regeneration
potential. The current density signal attributed to charge
release is only visible when using a logarithmic scale, as
shown in Figure S5 The elevated CO current density in
Figure 4(c) during the on-pulse compared to the CO
current density at constant potential operation (grey line)
is mainly because of the higher CO, availability at the
electrode surface, as indicated by the CO, concentration
at the OHP in Figure 4(d). These results highlight the
beneficial effect on reactant availability in pulsed electrol-
ysis compared to constant potential operation. Interest-
ingly, the CO, concentration strongly increases right at
the beginning of each off-pulse, attributed to a large
concentration gradient between the bulk electrolyte and
the OHP, but then starts stagnating as the diffusive
driving force diminishes. Hence, long regeneration times
might be less efficient in terms of reactant replenishment

Angew. Chem. 2024, 136, 202406924 (5 of 11)

than short ones. The influence of the pulse duration will,
therefore, be discussed later on.

The H* concentration at the OHP, depicted by the pH
value in Figure 4(e), shortly increases when applying the
operation potential at 1.0s and then decreases until a
steady value is reached. The respective pOH is shown in
Figure S9. The current density rises, OH™ is produced in
the charge transfer reactions, and thus, the pH increases
until it is balanced with surface H" ions. When switching
to the regeneration potential at 2.0s, the pH first
increases as the attraction of H" decreases, and a high
amount of OH™ ions is still present at the OHP before
hydroxide diffuses into the diffuse layer, resulting in the
decreases in pH. In the following pulses, the pH level is
slightly lower than in the first one due to the lower
production of OH™, indicated by the CO current Figure 4-
(c). As a result of the lower pH in pulsed electrolysis
compared to constant potential operation, the concentra-
tion level of CO,*" in short decrease in pH at the
beginning of the pulse can be explained by the electro-
static attraction of protons due to the potential increase.
However, as Figure S7(a)-(b) is also reduced. Accord-
ingly, Figure S8 shows that the amount of HCO;~
averaged over the BL thickness increases in pulsed
electrolysis.
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The K" ions in Figure 4(f) almost instantly build up
when switching to the operation potential due to the high
mobility of K*. Therefore, it is expected that the beneficial
co-catalytic properties of K* in electrochemical CO, reduc-
tion are not impaired during the on-pulse. While the trend
of the cation concentration observed here is comparable to
other works on simulating pulsed electrolysis, the absolute
concentrations at the OHP are significantly higher.'” The
electroneutrality assumption in the work of Bui et al.' gives
a good estimate of concentrations and the electric field in
most parts of the BL. However, this assumption fails in the
EDL, i.e., the local reaction environment in the immediate
electrode region.'**!! Thus, charge-dependent electric field
phenomena and the consideration of steric effects are
indispensable when simulating the dynamic reorganization
at the electrode surface.

For a more thorough analysis of the effect of pulse
settings on CO, electrolysis performance indicators, i.e., CO
current density, faradaic efficiency, and cathodic energy
efficiency, the pulse duration and the operation potential
were varied in Figure 5. Time-averaged values were calcu-
lated for pulsed operation by integrating over the last on-
and off-pulse at each setting to compare the results from
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pulsed electrolysis with constant potential operation. The
average CO current density in Figure 5(a) at potentials of
—1.45V vs SHE and —1.65V vs SHE is lower than the
steady-state CO current density in constant potential
operation for all studied pulse durations even though the
average CO, concentration at the OHP is higher, as shown
in Figure 5(d). Among the simulated potentials, pulsed
operation only leads to a significant improvement in the CO
production rate from 0.6 mAcm ™ in constant potential
operation to 3mAcm ™ in pulsed operation at —1.85V vs
SHE and a pulse duration of 0.5 s. At this point, the average
CO current density at —1.85 V vs SHE even exceeds the one
at —1.45 V vs SHE. For one, the average CO current density
trend is driven by the available CO, at the OHP. In the
mass-transport-limited potential regime, i.e., at —1.85V vs
SHE, the alternating replenishment of CO, at the reaction
plane helps to overcome the imbalance between reactant
consumption and its diffusive transport to the electrode.
However, even though a regeneration time of more than
3.7s is required for a CO, molecule to diffuse through the
BL, as approximated using Equation (S31), Figure 6(d)
shows that partial replenishment of CO, at the OHP at
shorter pulses is sufficient to increase the CO current
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Figure 5. Average values of the CO current density (a), the Faradaic efficiency for CO (b), the change in cathodic energy efficiency compared to
constant potential operation (c), the CO, concentration (d) and pOH (e) at the OHP and the amount of CO,* " in the BL (f) when applying pulse
profiles with an operation potential of —1.45 V vs SHE, —1.65 V vs SHE, and —1.85 V vs SHE and regeneration potential of —1.05 V vs SHE with
various pulse duration (on- and off-pulse). The pulsed operation is started after a 15 s initialization phase at —1.05 V vs SHE. The lines without
symbols refer to the results of the constant potential operation at the respective applied operation potentials. The x-axis is not linear, and lines

between symbols should only help the reader’s eye.
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Figure 6. Average values of the CO current density (a), the Faradaic efficiency for CO (b), the change in cathodic energy efficiency compared to
constant potential operation (c), the CO, concentration (d) and pOH (e) at the OHP and the amount of CO,*™ in the BL (f) when applying an
asymmetric pulse profile with an operation potential of —1.45 V vs SHE, —1.65 V vs SHE, and —1.85 V vs SHE and regeneration potential of
—1.05 V vs SHE with an off-pulse duration of 1.0 s. The pulsed operation is started after a 15 s initialization phase at —1.05 V vs SHE. The grey
lines refer to the results of the constant potential operation at the respective applied operation potentials. In graph (c), the grey line at 1 indicates
that the cathodic energy efficiency does not change in pulsed operation compared to constant potential operation. The x-axis is not linear, and

lines between symbols should only help the reader’s eye.

density. Hence, short pulses are more effective in allowing
partial regeneration of the BL while avoiding a state of
reactant limitation. In the case of BL thicknesses <150 pm,
as shown in Figure S1-S2, even shorter pulse times might be
needed in pulsed electrolysis to outperform constant
potential operation. The general trend of decaying CO
current density with pulse duration was also shown exper-
imentally by Arndt et al.*? in an H- cell with a silver foil as
the cathode. At —1.45V vs SHE and —1.65V vs SHE,
however, the CO, availability is not yet limiting, and the
mass transport and consumption at the electrode are in
equilibrium, respectively. Thus, the lower CO current
density at —1.05 V vs SHE during the off-pulse compromises
the average CO current density. The impact of the off-pulse
decreases at shorter pulses, and the average CO current
density gets closer to constant potential operation. To
compensate for the low production rate during the off-pulse,
a regeneration potential of —1.45V vs SHE was simulated
in Figure S10. In this case, the average CO current density at
an operating potential of —1.65V vs SHE and a pulse
duration of 1.0s can only be slightly improved from

Angew. Chem. 2024, 136, 202406924 (7 of 11)

47mAcm™? to 48 mAcm > While the time-averaged CO
current density during the off-pulse is increased from
0.01 mA cm? at a regeneration potential of —1.05 V vs SHE
to 1.8 mAcm 2, the CO current density during the on-pulse
decreases from 9.1 mA cm ™ to 7.7 mA cm * due to the lower
CO, concentration at the OHP (2.5 mM) when regenerating
at a higher cathodic potential, as shown in Figure S10(b).
Hence, the combined performance during on- and off-pulse
would benefit from an elevated regeneration potential, but
sufficient replenishment of CO, must be ensured.

Whereas short pulses lead to a higher average CO
production rate than longer pulses, the CO Faradaic
efficiency in Figure 5(b) increases with the pulse duration. A
similar trend is also observed for the change in cathodic
energy efficiency related to the constant potential operation,
as shown in Figure 5(c). The cathodic energy efficiency is
defined by the energy consumed in the reduction of CO,
related to the applied energy at the cathode, according to
Equation (S26). Again, pulsed electrolysis significantly im-
proves Faradaic efficiency at —1.85 V vs SHE by a factor of
11 at an on-pulse duration of 10s compared to constant
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potential operation and also leads to an 18 times higher
cathodic energy efficiency at the same settings. The
enhancement is reflected in the average values of the
complete on- and off- pulse and the average values of only
the on-pulse. The CO Faradaic efficiency averaged over the
time of the on-pulse only at, e.g., a pulse duration of 10s
and —1.85V vs SHE is 15.7 %, as shown in Figure S11. This
increase compared to constant potential operation is
attributed to the sufficient replenishment of CO, at the
OHP with long pulses and thus enough time to allow CO, to
diffuse from the bulk to the electrode, as shown in Figure 5-
(d). At a pulse duration of 10s and —1.65V vs SHE, the
average on-pulse CO Faradaic efficiency is 76.4 %, which is
close to the value in constant potential operation. The
improvement in the average value in Figure 5(b) is therefore
also attributed to the higher CO Faradaic efficiency at the
regeneration potential, which is 79.2% on average during
the off-pulse. These findings show promising improvement
in pulsed electrolysis compared to constant potential oper-
ation at the same operating potential. However, when
comparing different potentials, e.g., between pulsed oper-
ation at —1.85 V vs SHE and constant potential operation at
—1.65V vs SHE, at which the highest CO production rate is
achieved, the cathodic energy efficiency is approx. 2.0 times
lower at a pulse duration of 0.5s and 1.6 times lower at
10.0s.

Apart from the improvements in CO, mass transport
due to alternating regeneration of the near-electrode region,
Sinton and co-workers® suggested pulsed electrolysis as a
self-cleaning approach to prevent carbonate salt formation
in membrane electrode assemblies and thus improve long-
term operation stability. Figure 5(f) shows that the level of
the CO;*~ amount in the BL is lowered in pulsed operation
compared to constant potential operation. The reduction in
CO,™ in pulsed electrolysis is mainly attributed to enhanced
diffusive removal during the off-pulse. As the deviation
from the equilibrium in Reaction (S8) at the OHP in
Figure S12(a) is small, the dissociation rate of CO* to
HCO; is low. Thus, the decreasing CO;*" can only be
explained by diffusive transport from the BL into the bulk
solution. Attributed to enhanced regeneration of the BL at
long pulse durations (5s and 10s), the amount of CO;*~
decreases even further. Applying a pulse duration of, e.g.,
10 s leads to a 37 % reduction of CO5*" in the BL at 1.85V
vs SHE compared to constant potential operation. In the
work of Sinton et al., much longer off-pulse durations of 30 s
were used, which could explain the enhanced self-cleaning
effect even at higher current densities that were obtained
due to the use of porous catalyst layers. Also, Cofell et al.l*”
showed a 51 % reduction in surface CO5*~ deposits at similar
conditions using an Ag gas diffusion electrode in an electro-
chemical flow cell. Hence, pulsed electrolysis can be used as
a strategy to circumvent carbonate accumulation near the
electrode and, therefore, mitigate the risk of salt precipita-
tion, especially in gas diffusion electrodes. Interestingly, the
amount of HCO;™ in the BL increases in pulsed operation
compared to constant potential operation, as shown in
Figure S13. Whereas high alkalinity in the BL attributes a
high ratio of CO;*~ to HCO;" at elevated potentials, HCO;~

Angew. Chem. 2024, 136, 202406924 (8 of 11)

Forschungsartikel

Angewandte
Chemie

diffusion into the BL during the off-pulse leads to an overall
increase in HCO;™ the whole pulse period.

It needs to be mentioned that our model is limited to
mass transport and kinetic phenomena in the BL and does
not resolve ion and reactant adsorption and desorption on
the electrode surface. However, cations and anions also
interact with the electrode through, e.g., specific adsorption,
which has been shown to stabilize or destabilize reaction
intermediates.’*! To get a more comprehensive picture of
how the reorganization of the BL induced by pulsed
electrolysis affects the adsorption and desorption of ions and
reaction intermediates on the electrode and, thus, the charge
transfer reactions, future modeling work should consider
microkinetic reaction models.”® Moreover, pulsed electrol-
ysis leads to morphological changes of the catalyst surface,
affecting the charge transfer reactions as thoroughly inves-
tigated for copper catalysts.”’*" However, the number of
publications on surface structural changes of silver electro-
des in pulsed operation is small, and thus, there is no
comprehensive understanding of these effects on electrolysis
performance yet.*!]

To further tweak the electrolysis performance by modu-
lating the pulse settings, asymmetric pulses with constant
off-pulse duration and changing on-pulse duration were
studied in Figure 6. While the CO current density with
symmetric pulses in the non-transport-limited potential
regime is beyond what is obtained in constant potential
operation, similar values are reached for —1.45V vs SHE
and —1.65 V vs SHE with asymmetric pulses at an on-pulse
duration of 10.0s. The larger the ratio of on-pulse duration
to off-pulse duration gets, the closer the pulsed operation
mode approaches constant potential operation, and thus, the
time-averaged performance indicators approach similar
values. In contrast to the plateauing trend in the average CO
current density with symmetric pulses at short pulse
durations, Figure 6(a) shows a progressive improvement in
CO production rate with shorter on-pules at —1.85V vs
SHE but a decaying trend for —1.45V vs SHE and —1.65V
vs SHE. At potentials in the mass-transport-limited regime
above —1.65V vs SHE, CO, in the BL is rapidly depleted,
as shown in Figure S3. Consequently, short on-pulse dura-
tions are more desirable to reduce the influence of CO,
diffusion limitation. However, at —1.45V vs SHE and
—1.65V vs SHE, the Faradaic CO current at the beginning
of the on-pulse is not large enough to balance the low CO
current density during the off-pulse. Therefore, the average
CO current density approaches the value at the regeneration
potential at shorter on-pulses. A similar trend is also
expected at —1.85 V vs SHE for even shorter on-pulses than
0.5 s. The increased CO, concentration at the OHP at short
on- pulses again results in a significant improvement in the
CO Faradaic efficiency and cathodic energy efficiency at
—1.85V vs SHE and even exceeds the best performing
symmetric pulse settings, as shown in Figure 6(b)—(c).
Surprisingly, whereas the efficiency of pulsed electrolysis is
beyond constant potential operation in simulations in Fig-
ure 5, in asymmetric pulse operation with an on-pulse
duration of 0.5s at —1.85 V vs SHE, the energy efficiency is
the same as in constant potential operation at —1.65V vs

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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SHE, as concluded from Table S2. Additional simulations
with an on-pulse duration of 0.3s at —1.85V vs SHE in
Figure S15(a) showed that the time-averaged CO current
density could be slightly increased to 3.6 mAcm? without
compromising cathodic energy efficiency. The improvements
due to asymmetric pulses highlight the need for more
sophisticated approaches to find suitable pulse settings to
exploit the full potential of pulsed CO, electrolysis. Frey
et al.*! applied Bayesian optimization for pulsed operation
to optimize an intentionally unoptimized experimental setup
and achieved a CO current density increase by >64%
compared to the initial system. Besides optimizing the pulse
settings, i.e., the applied potentials and the pulse duration of
the on- and off-pulse, other experimental design parameters,
such as the electrolyte flow rate, the electrolyte concen-
tration, and various electrode geometries, need to be
considered when optimizing pulsed CO, electrolysis in terms
of current density and energy efficiency. Especially porous
gas diffusion electrodes will be of particular interest for
mathematical simulation and optimization in pulsed oper-
ation due to their significant industrial relevance for
electrolysis processes and the more complex interplay of
mass transport and reaction phenomena to be modulated.
Nevertheless, the model presented here lays the groundwork
for combining simulation and optimization of pulsed CO,
electrolysis in a less costly and time-consuming manner and,
therefore, also rapid design of experiments. At —1.45V vs
SHE and —-1.65V vs SHE, the CO Faradaic efficiency
behaves similarly to the CO current density and approaches
the Faradaic efficiency at the operation and regeneration
potential at long and short on-pulses, respectively. Surpris-
ingly, even though the electrode produces more OH™ at
—1.85V vs SHE and short on-pulses compared to constant
potential operation and long on-pulses as deduced from the
elevated CO current density in Figure 6(a), the CO;*~
amount in the BL decreases for shorter on-pulses. It is also
noteworthy that the time-averaged amount of CO5* in the
BL at an on-pulse duration of 0.3 s in Figure S15(b) can be
decreased to 26 mM, which is even below the CO;*~ amount
at constant potential operation at —1.65V vs SHE. The
reduced consumption of CO, in carbonate and bicarbonate
formation indicated by the results in Figure 6(e)—(f) and
Figure S16 also supports the CO, availability in the BL as
the consumption of CO, in dissociation reactions decreases.
However, for the system and parameter space studied here,
Figure S14(b) shows that pulsed electrolysis cannot lead to a
desired shift from CO, consumption to CO, production due
to dissociation in Reaction (S9) near the electrode, a theory
some works stated for CO, electrolysis.**! As the forward
dissociation rate in Reaction (S9) strongly dominates, trans-
port of CO, via HCO;™ and subsequent local conversion
might not be plausible and was also excluded by other
groups.®*! Therefore, a combination of partial CO, replen-
ishment by diffusion from the bulk electrolyte and a reduced
CO, consumption rate due to a lower pOH in the BL lead to
the increase in CO, availability at the OHP in Figure 6(d) at
short on-pulse duration.
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Conclusion

This work presents a transient mathematical model of the
BL at a planar plate silver electrode in CO, electrolysis. The
Frumkin-corrected Tafel equation and the size-modified
Poisson-Nernst-Planck model were implemented to resolve
mass transport and reactions in the BL. The model was used
to elaborate mass transport and reaction phenomena in
constant potential and pulsed potential operation. From
these results, we deduce trends for optimization of pulsed
CO, electrolysis based on relevant key performance indica-
tors, i.e. CO current density, Faradaic efficiency, and
cathodic energy efficiency. The recent research efforts in
pulsed CO, electrolysis stem from severe mass transport
limitations experienced in constant potential operation. For
one, limited CO, availability in the immediate electrode
environment due to CO, solubility and diffusion limitations
hamper the CO production rate at elevated potentials in
potentiostatic mode. Moreover, CO, is steadily consumed in
dissociation reactions to HCO;~ and CO;>" due to high local
alkalinity and sluggish dissociation kinetics. In contrast, the
dynamic reorganization of the BL in pulsed operation by
alternating replenishment of CO, and pH relaxation signifi-
cantly improves CO, availability at the reaction plane.
Especially at potentials in the mass transport-limited regime,
pulsed electrolysis significantly improves productivity, selec-
tivity, and energy efficiency. These findings suggest that
pulsed operation generally benefits electrolysis processes
with low reactant solubility, such as electrochemical CO,
reduction, but the results can also be transferred to N, and
NO, reduction. Interestingly, the modulation of the pH by
potential pulsing does not lead to a desired local release of
CO, from HCO;  and CO;* as often hypothesized but
results in a reduction in CO, consumption from dissociation.

The results from the symmetric and asymmetric pulses
highlight that the pulsed operation mode opens a vast
playground to tweak electrolysis performance beyond oper-
ating parameters usually modulated in constant potential
operation. However, orchestrating the various process
parameters is challenging due to the complex interplay of
mass transport and reaction phenomena, as shown in this
work. Therefore, the model can be useful in holistic
mathematical optimization to rapidly deduce optimal pulse
operation settings.
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