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ABSTRACT: We demonstrate that pulsed electrolysis can unlock
higher performance in CO2 electroreduction (CO2ER) on gas
diffusion electrodes (GDEs), which we find are limited by cation-
induced CO2 depletion and reduced Faradaic efficiency (FE) at
high cathodic potentials. Using continuum-scale modeling, we show
that pulsing strategies significantly enhance current density
compared to steady-state operation at the same mean potential.
Thicker catalyst layers (CLs) particularly benefit from pulsed
electrolysis, achieving higher current densities near the gas/liquid
interface along with overall improvements in Faradaic and cathodic
efficiency compared to constant-potential systems. This is caused by
the prolonged time for the cations to transport back to and block
the catalytic surface, which improves CO2 accessibility. Tuning the pulse parameters, especially with unequal durations, results in a
similar current density as a constant potential system, but with better Faradaic and cathodic efficiency. These findings underscore
pulsed electrolysis as a scalable and effective method to enhance CO2ER performance in GDE systems, offering practical
improvements for industrial applications.
KEYWORDS: Pulsed CO2 Electrolysis, Gas Diffusion Electrodes, Pore Scale, Transient Mass Transport, Electric Double Layer,
Size-modified Poisson Nernst Planck

■ INTRODUCTION
The electrochemical reduction of CO2 (CO2ER) presents a
promising avenue to mitigate CO2 emissions while con-
currently generating valuable chemical feedstocks and fuels.1−4

Significant research efforts have been dedicated to scaling up
CO2ER to industrial levels,

5 with notable advances in catalyst
development,6 reactor design,7 and process optimization.8

Despite these advances, several challenges persist, including the
need for high selectivity at industrial current densities and the
reduction of energy consumption.9 Configurations using gas
diffusion electrodes (GDE) have shown great promise to
overcome mass transfer limitations of dissolved CO2 by
positioning a porous catalyst layer (CL) between the gaseous
CO2 and the liquid electrolyte.
In addition to accessing the catalyst layer, the CO2 must also

reach the reaction plane. Our recent computational study of a
liquid-filled GDE nanopore10 has shown that excessive cation
accumulation sterically hinders the access of CO2 to the
reaction plane at a high applied electrode potential, thus
limiting the current density and Faradaic efficiency (FE).
Moreover, another study postulated that the local current
density in a GDE pore decreases with increasing distance from
the gas/liquid interface due to CO2 transport limitations into
the liquid-filled pore.11 A possible way to overcome this
limitation is by periodically perturbing the reaction environ-

ment via an alternating electrode potential, known as pulsed
electrolysis.12,13 This technique has proven its ability in H-type
cells to alter the selectivity of Cu and Ag catalysts through
restructuring of the reaction environment,14−16 and to enhance
stability by mitigating restructuring of a Cu catalyst.17,18

Combining the strengths of pulsing with those of a GDE
configuration can be a powerful approach to leverage a high
CO2 transport rate while also having enhanced control over the
local reaction environment within the porous matrix.
Combining these techniques has been recently explored
experimentally by Jeon et. al.19 and by Li et al.,20 who
determined that pulsed operation can be used to tune the
selectivity of C1 and C2 products in a GDE-type configuration.
Recently, reverse-polarity pulsing has been shown to stabilize
CO2 to formate GDEs. Brief anodic segments periodically
restored the GDE-based system, enabling sustained operation
at high current densities.21 Although experimental results have
confirmed this to be a promising approach, experiments have

Received: June 27, 2025
Revised: October 7, 2025
Accepted: October 9, 2025
Published: October 18, 2025

Articlepubs.acs.org/electrochem

© 2025 The Authors. Published by
American Chemical Society

2475
https://doi.org/10.1021/acselectrochem.5c00264

ACS Electrochem. 2025, 1, 2475−2483

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

T
U

 D
E

L
FT

 o
n 

N
ov

em
be

r 
19

, 2
02

5 
at

 1
3:

49
:0

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esaar+N.+Butt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+T.+Padding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Remco+Hartkamp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acselectrochem.5c00264&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00264?ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00264?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00264?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00264?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.5c00264?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aeclc7/1/11?ref=pdf
https://pubs.acs.org/toc/aeclc7/1/11?ref=pdf
https://pubs.acs.org/toc/aeclc7/1/11?ref=pdf
https://pubs.acs.org/toc/aeclc7/1/11?ref=pdf
pubs.acs.org/electrochem?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acselectrochem.5c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/electrochem?ref=pdf
https://pubs.acs.org/electrochem?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


limited access to directly probe the high-resolution spatial and
temporal concentration variations that would occur throughout
the GDE during pulsed operation. In particular, experiments
can only provide indirect insight into the fast electrical double-
layer (EDL) response and the transport within the sub-
micrometer pores of the catalyst layer. Therefore, pore-scale
computational models are essential to obtain detailed insight
into the evolving local reaction environment and ultimately to
tailor the applied pulse to the specifics of the catalyst and
operating conditions. To our knowledge, such a pore-scale
model of pulsed CO2ER in a GDE is currently lacking.
Schröder et. al. developed a 1D GDE model to simulate pulsed
current behavior for a metal-air battery system.22 Some
computational studies have focused on pulsed operation in
CO2ER, but again in the context of anH-cell configuration.

23,24

Heßelmann et.al. developed a 1D mass transport model for an
Ag electrode accounting for the EDL formation and concluded
that a pulsed operation increased current density and cathodic
efficiency relative to a constant potential operation. However,
their work does not answer the question whether pulsed
operation would also benefit a GDE configuration operating at
much higher (geometric) current densities.
In this work, we use time-dependent 2D continuum-scale

simulations of a silver catalyst layer of a GDE to study mass
transfer alongside the catalytic reactions that occur inside a
GDE under pulsed electrolysis. We will demonstrate that
pulsed electrolysis can help alleviate previously reported10

steric and transport hindrances in a CL, resulting in an increase
in the Faradaic and cathodic efficiency of the system relative to
constant potential operation. We will establish that the
Faradaic and cathodic efficiency can be modulated by adjusting
the thickness of the CL, along with choosing a suitable pulse
duration. We also propose a way to overcome the inefficient
utilization of catalyst material in a GDE by leveraging pulsed
electrolysis.

■ SIMULATION MODEL
Figure 1 shows a schematic representation of a GDE, where
the zoomed-in part represents the 2D flooded pore space in
the CL studied here. Gaseous CO2 is introduced at the gas/
liquid interface (boundary between gas diffusion layer and
CL). It first dissolves in the electrolyte present inside the CL
and then diffuses across the layer. CO2 dissolution at the gas/
liquid interface is governed by a film-theory-based boundary
condition that accounts for resistance across an effective
interfacial diffusion length appropriate to a flooded pore (see
eqs 21 and 22 in the Supporting Information (SI)).25 This
parameter controls CO2 entry into the electrolyte and is
therefore critical for local CO2 availability and Faradaic
efficiency. Since the pore is completely flooded, the main
mechanism of CO2 transport considered in our work is
molecular diffusion. The flowing bulk electrolyte is present at
the end of the CL (x = L). CO2 gets reduced at the catalyst
surface. The simulation domain in radial direction extends
from CL centerline at R = 0 to the Outer-Helmholtz-Plane
(OHP) (R = 5 nm). Consistent with the Gouy-Chapman-
Stern picture and prior pore-level CO2ER models,

26−28 we use
the OHP as the interfacial reference for the Frumkin-corrected
kinetics: the driving force is the metal−OHP potential
difference, and reactant activities are evaluated at the OHP.
Catalyst-specific interfacial behavior is treated implicitly
through the apparent kinetic parameters. The main CO2ER
product for the polycrystalline Ag surface considered here is

CO. The model is adapted for a 0.1 M KHCO3 solution and
resolves the electric potential and concentration profiles of all
solution species inside the CL pore space. Mass transfer is
modeled using the size-modified Poisson-Nernst-Planck
(SMPNP) equations10,29−34 and the Frumkin-corrected Tafel
equations are used to model the electrochemical reac-
tions.26,35−38 While kinetics are parameterized here for
polycrystalline Ag, the modeling framework is readily
extendable to other catalysts. For example, a Cu-based kinetic
scheme can be implemented at the reaction boundary to
capture both C1 and C2 product pathways, while the
underlying SMPNP transport equations remain unchanged.
The finite element package FEniCS is used to solve the weak
formulation of the nonlinear SMPNP equations. Temporal
discretizations are carried out using the backward Euler
scheme, with a time step of 10−6 s. A variable mesh spacing
is used in the simulation domain, with a finer mesh near the
high-potential boundaries. Details of the model and all relevant
boundary conditions are provided in the SI.
In this study, we focus on rectangular pulsed potential

operations. A high cathodic potential Φh is applied for a
duration of τh, after which a lower cathodic potential Φl is
applied for a duration τl, and the process repeats. Although the
cathodic potential is applied homogeneously along the catalyst
surface (high solid conductivity), the resulting partial current
densities will vary both in time and space due to the locally
varying concentrations of reactive and charged species. Such
local insight and control over conditions are instrumental in
better understanding how to optimize electrochemical cells,
but they are largely inaccessible in experiments. We will
present both local and spatially averaged current densities to
analyze overall performance and explain the causes of this
performance.

■ RESULTS
Figure 2a shows the applied pulsed potential profile for a
CO2ER system, with the resulting partial current density
shown in Figure 2b. For this study, the system is pulsed

Figure 1. Schematic of a typical gas diffusion electrode. The zoomed-
in section highlights the pore space in the catalyst layer (CL) with a
characteristic depth L and characteristic radius R. Note that this
schematic is not to scale because typically L ≫ R.
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between Φh = −1.5 and Φl = -0.7 V vs RHE. Φh = −1.5 V is
sufficiently cathodic to drive CO2ER on Ag without the
pronounced loss of CO selectivity and parasitic HER that
occur at more negative potentials, while Φl = −0.7 V (near the
Ag PZC) allows interfacial relaxation and CO2 replenishment
between pulses. This range thus provides suitable conditions
for achieving high selectivities toward the desired CO2ER
reaction. The reaction rate at Φl is negligible (Figure 2b), such
that the CO2ER occurs predominantly during the Φh phase of
the pulse period. In conjunction with the low consumption of
CO2 during the Φl phase, there is a decrease in the
concentration of electrostatically accumulated cations at the
reaction plane. Together, this enables replenishing of the CO2
concentration inside the pore space, such that the next pulse
cycle again starts with a high current density. However, the
CO2 concentration does not completely return to the uniform
concentration distribution at which the simulation began.
Consequently, the first current density (jCO) peak in Figure 2b)
is not representative of the periodic process, and this peak will
henceforth be omitted from the analysis.
Benchmark Case. We will first analyze a benchmark case,

in which the thickness of the CL is L = 200 nm, the pore radius
is R = 5 nm, and the durations of the pulse spent at Φh and Φl
are equal, τh = τl = 3.5 ms. In the later sections, we will also
consider the implications of an unequal τh and τl and the
influence of varying the thickness L of the CL on the
performance of a pulsed system. The values for τh and τl in the
benchmark case are based on the approximate time needed to

reach a steady state in similar GDE geometries.10 We will show
later that this relaxation time increases with the CL thickness.
Correspondingly, most experimental explorations of pulsed
electrolysis involve longer pulses, because the typical
experimental CL thickness is also larger than those considered
here. Our purpose is not to mimic an entire experimental CL,
but rather to provide mechanistic insights into how transport
limitations and non-uniform concentrations within the CL
fundamentally influence performance, revealing the critical
roles of CL thickness and pulsing frequency. These insights can
inform and guide the interpretation and optimization of
experimental systems.
We first demonstrate the utility of pulsed electrolysis by

comparing the time-averaged current density and Faradaic
efficiency values obtained from a CO2ER system under pulsed
operation with those obtained from a system operating under a
constant benchmark applied potential. One option for this
benchmark potential is a constant potential operation at the
same voltage efficiency (

m

0
). This corresponds to the mean

potential of the pulsed system (Φm = −1.1 V), represented by
the black dotted line in Figure 2a. Alternatively, the time-
averaged current density and Faradaic efficiency can be
compared to those of a system operating at a constant
potential of Φh (−1.5 V) (gray line in Figure 2a). The time-
averaged current density (jCO) achieved through pulsed
operation is 203 A/m2. This is ≈ 44% higher than for a
system operating at a constant applied potential of −1.1 V, due
to a combination of the transient high current densities at the
beginning of the Φh section of the pulse cycle, followed by a
steady jCO that is more than twice as high as the current density
of a system operating at constant −1.1 V. During the Φl
section of the pulse, the reaction rate of CO2ER will initially be
lower than that of HER due to CO2 deficiency at the OHP
(Figure S11). As the CO2 concentration gradually replenishes
near the OHP, the gap between the reaction rates for both
catalytic reactions decreases. The time-averaged jCO = 203 A/
m2 of a pulsed system is ≈41% lower than jCO of a system
operating continuously at a potential of Φh (Figure 2b).
Despite the higher time-averaged jCO of the pulsed system
compared to the constant -1.1 V operation, Figure 3 shows that
the pulsed system has a lower Faradaic efficiency toward CO
production, due to the exponential potential dependence of the
competing HER, with half of the cycle spent at the more

Figure 2. (a) Pulsed potential profile for a 200 nm thick CL. The
black dotted line represents the mean potential of the pulsed
operation. (b) Corresponding current density of CO2 conversion to
CO (jCO), averaged over the length of the pore. Dotted lines
correspond to the jCO values for the constant potential operations.

Figure 3. Faradaic efficiencies for a 200 nm thick CL under pulsed
operation (Φh = −1.5 V, Φl = −0.7 V, τh = τl = 3.5 ms.) and with
constant potentials of −1.1 V and −1.5 V.
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cathodic Φh. In contrast, an ≈ 4% increase in selectivity
towards CO is observed in a pulsed operation compared to a
system operation at a constant -1.5 V potential. This increase is
largely due to the transient high current densities observed in
the Φh phase of the pulse, as illustrated in Figure 2b.
To fully appreciate the strength of applying pulsed

electrolysis with a gas diffusion electrode, it is important to
understand the spatial variations across the CL. Figure 4 shows

that the previously discussed peak in current density directly
after the onset of Φh can be largely ascribed to the region near
the gas/liquid interface, where the local transient current
density is up to five times its steady-state value. The high
current densities decay to a state that maintains some of its
spatial variation. This decay is due to two concurrent
mechanisms: In the first place, CO2 at the catalyst surface is
consumed faster than it is supplied from the gas/liquid
interface. Second, as more cations migrate from the bulk
reservoir into the CL, their accumulation at the OHP sterically
hinders the remaining CO2 molecules. The competition
between transport and consumption rates suggests a strong
dependence of both the local and global current density on the
thickness of the CL.
Influence of CL Thickness. It is clear from the above

analysis that the time spent in the transient state is critical to
control the performance of pulsed electrolysis. This transient
time depends on the transport time scales in the CL, which in
turn are affected by the pore length and radius. Because of the
high aspect ratio of the pore, its length will be decisive for the
duration of the transient. Therefore, we compare the current
density profile under pulsed electrolysis for 100-400 nm thick
CLs (Figure 5a), applying the same potential range and pulse
duration as in the previous simulations. It can be observed that
the decay time of the current density from its initial peak to a
steady value increases almost linearly with the CL thickness, as
shown in Figure 5b, whereas the peak height and the steady-
state current density decrease with increasing CL thickness.
This leads to an overall drop in average current density with an
increase in CL thickness (Figure 5c), but this decrease is less
severe in pulsed electrolysis compared to constant potential
operation. Moreover, the current densities are achieved with
higher cathodic efficiency in pulsed operation ( ·FE

m

0 ) (Figure

S8). Importantly, the drop only applies to spatially averaged
current densities. In contrast, the local transient current
densities near the gas/liquid interface are initially higher for
the thicker CLs, and they endure for longer, eventually
decaying to a lower steady-state value (Figure S2). All of these
observations are a result of mass transport limitations, as we
will demonstrate in the following.
Figure 6a shows the CO2 concentration along the OHP up

to the first 100 nm from the gas/liquid interface for a 200 nm
and a 400 nm thick CL. Both CLs show a monotonic decrease
in CO2 concentration away from the gas/liquid interface and a
drop in concentration with time. The higher CO2 concen-
trations in the 400 nm thick CL, compared to the 200 nm thick
CL, facilitate the higher local transient current densities in the

Figure 4. Local current density against the distance from the gas/
liquid interface in a 200 nm thick CL for pulsed electrolysis (Φh =
−1.5 V, Φl = −0.7 V, τh = τl = 3.5 ms) at different times compared to
the current density profile of systems operating at constant potentials
of −1.1 V and −1.5 V.

Figure 5. (a) jCO profile with time for an Ag polycrystalline GDE
system under pulsed electrolysis for varying thicknesses of CL. (b)
Variation of jCO decay time with changing thickness of the CL. (c)
Comparison of absolute jCO between a constant potential operation at
−1.5 V and pulsed electrolysis, for various thicknesses of the CL. Φh =
−1.5 V, Φl = −0.7 V, τh = τl = 3.5 ms.
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thicker CL. Despite the corresponding higher CO2 con-
sumption rate, the 400 nm CL retains a higher local CO2
concentration at the reaction plane than the 200 nm CL at
least up to 1 ms after the onset of Φh. Consequently, the 400
nm thick CL would also retain a higher local current density
than the 200 nm. Notably, the spatially-averaged current
density 1 ms after the onset of Φh was found to be lower
(Figure 5a) for the 400 nm CL than for the 200 nm CL.
The main reason for the difference in CO2 concentration

between the two catalyst layers during the transient regime is
the difference in the amount of steric hindrance posed by
cations at the OHP (Figure 6b). The inverse relation between
the cation concentration and the presence of CO2 molecules
near the OHP has been extensively documented in previous
works, where only constant potential operation was consid-
ered.10,27 Pulsed operation has the potential to temporarily
mitigate the detrimental effect of steric hindrance on CO2ER
by leveraging the finite transport time of the cations. This
suggests that thicker CLs are beneficial to the transient local
current density near the gas/liquid interface, which is farthest
from the bulk electrolyte and nearest to the CO2 supply. This
is confirmed in Figure 7, which shows that jCO 15 nm away
from the gas/liquid interface shortly after the onset of Φh (t =
0.05 ms) increases with the thickness of the CL. After 3.05 ms,
the transient advantage has vanished and the steady local
current density has become nearly the same for each of the CL

thicknesses considered here, in contrast to the pore-averaged
steady-state current densities (Figure 5a).
Based on these findings, one can leverage the benefits of CL

thickness and pulsed operation by designing a porous layer
with a spatially varying catalyst loading. Experiments with
gradient catalyst loading have demonstrated that just adding
more catalyst does not ensure better performance, since this
would also require more CO2 to be transported to the catalyst
surface.39 Alternatively, suppose that the active catalyst
material is only present near the gas/liquid interface. In that
case, the CO2 only faces a short transport path, whereas the
remainder of the porous layer prolongs cationic transport.
Under these conditions, the pore-averaged current densities for
pulsed and constant potential operations will be in line with
the local current densities depicted in Figure 7. For such a
system, the current density would be significantly higher in a
pulsed operation than in a constant potential operation, and
the transient current density would increase with CL thickness.
Figure S2 shows that the local current densities increase with
the thickness of the CL up to the first 45 nm away from the
gas/liquid interface. Hence, this could serve as a cut-off length
for the active CL.
Interestingly, immediately after the onset of Φh, the

concentration of cations near the gas/liquid interface exhibits
a non-monotonic temporal trend, which is not seen for the
cation concentration near the electrolyte reservoir (Figure
S12). This is consistent with the relatively slow screening of
the electric potential near the gas/liquid interface (Figure S7).
The double-layer charging will cause a rapid drop in the cation
concentration in the center of the pore, driving a flux of
additional cations from the electrolyte reservoir into the pore
until a new steady state has formed. These two steps are
characterized by a separation time scale for the region near the
gas/liquid interface, whereas the region closest to the
electrolyte reservoir has readily available cations. The cation
concentration along the centerline of the pore (in Figure S12)
shows the highest value 10 nm away from the gas/liquid
interface after 10−5 s. The migratory flux dominates the
diffusive forces at this stage, leading to a net accumulation of
cations and a depletion of anions near the gas/liquid interface.
This causes a charge imbalance even at the center of the CL,
despite the 5 nm pore radius being 5 times larger than the
Debye length corresponding to the 0.1 M bulk electrolytic
concentration. To quantify the competing fluxes for a 400 nm

Figure 6. CO2 (a) and K+ (b) concentration profiles along the OHP
up to 100 nm away from the gas/liquid interface for CL thicknesses of
200 and 400 nm at different times during the Φh section of the pulse
cycle, Φh = −1.5 V, Φl = −0.7 V, τh= τl = 3.5 ms.

Figure 7. Local jCO at a location 15 nm away from the gas/liquid
interface for 100-400 nm thick CLs at different times. Φh = −1.5 V, Φl
= −0.7 V, τh = τl = 3.5 ms.
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thick CL, the ratio of migratory flux (Jmig ) to diffusive flux

(Jdiff) can be expressed as = ( )J

J

C

C V
K

K

mig

diff

,avg

ther
. At t ∼10−5 s, the

average K+ concentration along the centerline of the pore is
approximately CK,avg = 125 mol/m3, the concentration
difference is ΔCK = 170 mol/m3, and the normalized potential

difference is Δϕ/Vther = 2. The value for
J

J
mig

diff

is ≈ 1.5 at t ∼10−5

s. Over time, as the electric field stabilizes and approaches bulk
values, the flux ratio decreases, reducing the concentration
gradient between the bulk phase and the gas/liquid interface
(as seen at t ∼10−4 s in Figure S12). By t ∼10−3 s, the cations
near the OHP have reached the steric crowding limit, leading
to a subsequent thickening of the cation layer. This results in
the final observed increase in the cation concentration at the
center of the CL.
This dynamic interplay between migration and diffusion

highlights the transient and spatially dependent nature of ion
transport in catalyst layers. Importantly, this challenges the
widely used assumption of electroneutrality, which is rarely
valid inside these narrow catalyst layers at any time during the
process. The deviations from electroneutrality are significant
and persist throughout the system, influencing the overall ion
transport dynamics and concentration profiles.
Influence of Pulse Duration. Until now, we have

discussed how the CL thickness affects the performance of
pulsed electrolysis in a GDE. The performance can be further
improved by tuning the pulse duration (τh, τl) and the upper
and lower bounds of the applied potential (Φh, Φl). In Figure
8, the black line shows the jCO profile obtained using the same

Φh and Φl values as in Figure 2, but with each half-cycle
shortened to 1.55 ms instead of 3.5 ms. The shorter τh reduces
the time spent at the steady state plateau, thereby making
better use of the transient regime. Although the time averaged
jCO remains lower than that of a constant-potential system, the
gap is markedly smaller than in the longer pulse case of Figure
2b. Likewise, the reduced τl shortens the duration of the low-
CO2ER phase.
The pulse profile can be further optimized by applying Φh

and Φl for unequal durations. In Figure 8, the blue line
(unequal durations, τh = 2.5 ms, τl = 1.55 ms) yields a higher
time-averaged jCO compared to the black line (equal durations,

τh = τl = 1.55 ms). However, the mean potential of the
unequal-duration pulse is ≈ −1.2 V, compared to −1.1 V for
the equal-duration case, indicating that the increase in current
density comes at the expense of lower voltage efficiency.
As shown earlier in Figure 5c, increasing the catalyst layer

thickness reduces the difference in jCO between pulsed and
constant potential systems when Φh = Φl. Applying unequal
pulse durations to a thicker CL further minimizes this
difference. In Figure 8, the grey line (τh = 2.5 ms, τl = 1.55
ms, 400 nm CL) illustrates that the time-averaged jCO of the
periodic pulse nearly matches that of the constant potential
case, while operating at a higher cathodic efficiency (Figure
S9). Figure 9a compares the time-averaged current density for

a system operating at a constant potential to that for pulsed
systems at both equal and unequal τl and τh. The data show
that the lower current density in pulsed operation compared to
constant potential operation can be remedied by unequal
pulsing, even resulting in a negligible difference between
constant potential and pulsed operation for the 400 nm CL.
The Faradaic efficiency is higher for each of the pulsed
operation systems studied here (Figure 9b). However, the gain
is again higher when Φh ≠ Φl and for the thicker CL.
Naturally, the unequal mode corresponds to a higher mean
potential relative to the equal-mode operation; hence, there
will be a drop in cathodic efficiency, but it remains higher than
that of the constant potential system (Figure S9). Thus, for a
larger CL, the operating parameters of pulsed electrolysis can

Figure 8. Comparison of jCO between pulsed electrolysis and a
constant potential operation of −1.5 V at varying operating conditions
for Φh = −1.5 V and Φl = −0.7 V.

Figure 9. Comparison of constant potential operation of −1.5 V,
pulsed electrolysis with equal cycles (τh = τl = 3.5 ms) and pulsed
electrolysis for unequal cycles (τh = 2.5 ms, τl = 1.55 ms) for 200 and
400 nm thick CL, (a) jCO, (b) FE.
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be tuned to give better FE results at a higher cathodic
efficiency compared to constant potential operation without
compromising the current density of CO2ER.

■ DISCUSSION
The duration of application for Φh and Φl is critical for
optimizing the performance of pulsed electrolysis in a GDE.
The suitable choice for τl depends on the CO2 replenishing
time, which in turn depends on the thickness of CL. In this
work, a minimum τl = 1.5 ms was sufficient to replenish the
concentration of CO2 in each of the catalyst layers studied.
The benefits of transient current density can be optimally
leveraged if τh is similar to the decay time of the jCO. A τh
higher than the decay time would diminish the transient gains
in FE, whereas lowering it will decrease the time-averaged jCO.
Notably, the decay time could be several orders of magnitude
larger (of the order of a few seconds) in a planar electrode
assembly due to increased mass transport limitations. As Figure
5b showed, the decay time for current density increases linearly
with increasing catalytic layer thickness. Hence, a suitable τh
can be inferred based on the thickness of the GDE CL.
Operationally, the model can be used to define the current
decay time at a selected Φh as the time required for jCO to
reach its steady value after stepping from Φl to Φh. This sets
the τh ≈ tdecay(L). The CO2 replenishment time τl at Φl can
analogously be evaluated as the time for the interfacial CO2
concentration to return to its steady value. Once τh and τl are
determined, if current density is prioritized, one can modestly
increase τh while maintaining τl so that replenishment is not
compromised. At high pulsing rates, the energy associated with
capacitative charging during each cycle can become prohib-
itive. This capacitive energy reduces the energy efficiency and
is dissipated as heat. This effect is not considered here because
the pulsing rates in practical applications will be much lower
than those for the thin CLs studied here.
As a continuum treatment, the model does not resolve the

Stern layer; thus, effects such as specific adsorption, short-
range interactions, and molecular orientation are absorbed into
apparent kinetic parameters. These effects have previously
been shown to influence the stabilization of reaction
intermediates, which influences product selectivity, especially
for CO2ER processes that focus on C2+ products.40,41

Capturing these effects more faithfully will require coupling
pore-scale transport to explicit multistep surface kinetics42

and/or particle-based interfacial models. Future modeling
approaches should incorporate microkinetic models to
accurately determine the influence of intermediate species on
product selectivities.24 Pulsed electrolysis also affects the pH
behavior inside the CL, as illustrated in Figure S6; a more
detailed analysis of how these pulse-induced pH variations
influence the interfacial kinetics (through stabilization of
intermediates) will be considered in future extensions of this
model. Another possible application of pulsed electrolysis is
the alleviation of local gas supersaturation during low potential
intervals, temporarily restoring interfacial mass transfer as
observed in similar gas-evolving electrodes;43 however,
confirming this effect would require detailed bubble nucleation
modeling.
In this work, the CL was represented by a uniform

cylindrical pore of fixed radius, whereas in reality, catalyst
layers consist of a distribution of pore sizes and morphologies.
Another natural extension of the present framework is to
develop pore network models, which would capture this

heterogeneity and allow systematic evaluation of how pore size
distributions impact local transport, reaction environments,
and overall GDE performance.
Although the current densities predicted by our model are

entirely associated with the Faradaic reactions, capacitive
charging can be predicted based on electrical double layer
theory. For a 200 nm thick CL, =W C 5 J/cmm

1
2

2 2 per
pulse cycle. This is 40 times smaller than the energy that goes
into the CO2ER reaction (for τh = τl = 3.5 ms). For the GDE
geometry under consideration, the time constant for the decay
of the capacitative current density is only a few nanoseconds, T
= λdR/D. Here, λd is the Debye length, R is the radius of a pore
in the CL, and D is the diffusion coefficient of the dominant
cation (in this case potassium). This is also in accordance with
EDL equilibration times found in molecular dynamic
simulations.44 This capacitive time is extremely short
compared to τh in our pulse model. Additionally, the ability
to sustain high-frequency pulsing rates is contingent on the
chemical and physical properties of the catalytic system, but
also on the performance of the associated power electronics.
Power electronics must be capable of rapidly switching
potentials without significant losses or inefficiencies, which
can pose a challenge at these time scales. Future studies could
explore the interplay between power electronics performance
and reaction efficiency, as well as the associated energy costs
for different switching regimes.

■ CONCLUSION
We conducted simulations to investigate the behavior of a
GDE-based polycrystalline Ag CO2ER system under pulsed
electrolysis. To analyze the performance, we compared the
current density and FE attained under pulsed operation with a
system under the application of a constant potential. Pulsed
electrolysis was shown to yield a significant increase in jCO
compared to the mean potential due to the transient high
current densities during the Φh part of the pulse. The FE,
however, drops significantly because the rate of HER increases
exponentially with potential. When comparing the perform-
ance of pulsed electrolysis with a system under a constant high
potential of -1.5 V (Φh), we observed a 41% drop of jCO and an
≈4% increase in FE of CO2ER reaction.
We determined that the relative performance of a pulsed

system is intricately linked to the time spent in the transient
current density state, with a longer transient leading to
improved Faradaic and cathodic efficiencies. This transient
state can be prolonged by increasing the thickness of the
catalyst layer as a result of the increased time for the cationic
transport. This directly influences the CO2 concentration at
the OHP due to less steric hindrance. We also observed that
the current density near the gas/liquid interface increases with
CL thickness. Based on this, we recommended applying a
catalytically active CL only until a certain distance, maximizing
the current density while reducing the catalyst cost. This study
also shows that transient cation accumulation near the gas/
liquid interface leads to substantial deviations from electro-
neutrality, challenging widely held assumptions in catalyst layer
modeling and affecting overall ion transport. We further
determined that tuning the time for each part of the pulse (τh
vs. τl) also leads to improved performance. A shorter pulse
with unequal duration (τh > τl) performed better than an equal
duration pulse. Both equal and unequal pulses lagged in terms
of jCO compared to a constant potential operation for a 200 nm
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thick CL. For a 400 nm thick CL, a shorter unequal pulse
resulted in a similar jCO as a system under constant potential at
a higher cathodic efficiency. Furthermore, both equal and
unequal pulses resulted in increased FE for CO2ER, with
unequal pulses outperforming the equal pulsed operation. We
also showed that τh can be selected based on the decay time for
jCO. The decay time increases almost linearly with the increase
in the thickness of the CL. This is especially helpful for
researchers working with varying thicknesses of the CL.
The analysis provided in this study proves that pulsed

electrolysis can be extremely beneficial for GDE-based CO2ER
systems, especially for thicker catalyst layers. These findings
can also benefit the improvement of other electrochemical
reduction processes that use gas diffusion electrodes. Future
research should focus on optimizing the duration of each half
of the pulse cycle for porous GDE systems.
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