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SUMMARY

Developing affordable, robust, and selective CO2 electroreduction
technologies is erucial to address concerns about rising CO2 emis-
sions. Pulsed potential electrochemical CO2 reduction (p-eCOZR)
has emerged as a simple and responsive knob to increase electro-
lyzer durability and improve product selectivity. In this review, we
summarize the recent findings of p-eCOZR on copper electrodes
as a function of applied potential and pulse duration. We discuss
how pulse methods present scientific and technelogical opportu-
nities for electrochemical technelogies beyond p-eCO2R, in partic-
ular, ones involving competing reactions or electrode deactivation.

Q4 Q3 Q2 INTRODUCTION

Electrochamistry is pervasive in most aspects of cur lives—from redos reactions that
sustain our bodies, industrial productions of chemicals and materials, and biochem-
ical sensors forhealthcare monitoring, to batteries forpersonal electronics and elec-
tric vehicles. '~ The profound technological and industrial impacts of eledtrochem-
ical processes derive from their scalabilty and our ability to control the
electrochemical reactions with a simple electrochemical-potential knob. In the
face of growing concems about anthropegenic COz emissions and related dimate
change, scientisis and engineers are looking to electrochemistry as an approach
to address the rising atmospheric COz levels. Developing electrochemical routes
to valorze OO, & solution whereby renewable energy can be used to close the car-
bon cycle, thus trensforming CO;z into waluable moleculesis within the realm of pos-
sibility. ™ Crucial to bringing this vision to fruition is the development of catalysts
and electrochemical systams that can stably reduce CO; to value-added molecules
at industrially relevant conditions with reasonable durability, lifetime, and product
selectivity.”

Recent years have borne withess to exciting experimental and computational scien-
tific achievements, whidh have significantly improved our understanding and design
of electrodes, eleamlytes, and electrolyzers for CO; electrolysis. Initially, efforts in
the community have focused on improving the electrochemical rates lactivities), re-
action seledivity, and the overpotential atwhich CO; reduction products are formed
by separately engineering the electrode, eledmlyte, or balance of the system.”
However, it is becoming dear that the processes in these different components
are connectad. We point the readers to several excellent reviews sbout the role of
catalyst, electrolyte, and cell design in the electrochemical CO; reduction &COR)
reaction.”**'" From a system-level perspective, it & important to consider not
only the energy required to reduce COy in the fist place but also to address the
downstream energy requiremant of sepamting the resulting multitude of products.
A recent technoeconomic analysis concluded thatfor a system to operate at a favor-
able energy return on energy investment, the energy requirements of sepamation
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Context & scale

Pulsing electrechemical variables
{e.g., voltage/cument madulation)
represents a simple experimental
“inob” to influence product
selectivity and electrode longevity
in electrochemical CO; reduction
{2C0;R). By tuning the interfacial
factors (e.g., hydrodynamics, ad/
desorption, surface
recorstruction, catalyst oxidation,
etc.) and their variations with
pulse profile (e.g., duration and
potential), the application of
pulsed potential c&n tip the
balance between transient
physicochemical processes at
electrode/electrolyte interfaces,
the result of which can impact the
el 0 ;R cutcome.

Pulsed eCO ;R (p-eCO;R) has
broad implications spanning
multiple length and timescales. At
atomic scales, the pulsed
potential influences the dynamic
restructuring of surfaces and
distribution of surface-adsombed
species; at millisecond-to-second
timescales, the pulied potential
impacts the profiles of interfacial
water, ions, and intermedistes
within the eledrical double layer
{EDL). Finally, at minute-to-hour
timescales, the pulsed potential
can mitigate surface deactivation
to ensure electrode durability.
Using puking to control the
reaction microenvironment is a
cost-effective “plug-and-play”
approach to impact reaction
durahility and selectivity, bringing
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should be less than half of the product enthalpy of combustion.™ Using the separa-
fions costs listed in Greenblattetal, ™ the isolation of ethanol from an aquecus input
stream requires 4.7 Mg, which is 26% of the total enargy required for converting
CO;into ethanal (Section 52); this parcentage inreases drastically for less-concen-
trated input streama. Considering the high sepamtion costs and necessary improve-
ments in reaction seledivity, in this review we focus on selectivity, rmther than
activity.”'**

Although copper (Cu) electrodes are unigue by virtue of the fact that they are the
only monometallic eledrocatalysts that yield high-value Ca. products atreasonable
rates, the Cu-catalyzed reaction is notvery selective.” Cu's unigue ability to promote
C—-C coupling comes from its favorable binding energies to eCOzR imermediates,
specifically its binding energy to CO, a commen eCOz R intemediate. ™ The CO
binding on Cu is neither too weak that it desorbs from the surface before coupling,
nertoo strong that it desorbs too slowly and blodks active sites. ™ As aresult, Cu can
sustain a significant coverage of adsorbed CO onthe surface, which caninoease the
probability of Cy, product formation.® In addition to this paradigm of optimal CO
binding energy, there is also increasing evidence that other adscrption energies
contribute to resulting selectivity (induding *H, *COOH, and *CH30).%* However,
the high activity to form C;, products on Cu comes at a cost of low product selec-
tivity—up to 16 different products have been reported.” Instead of accepting this
trade-off between producing multi-carbon products and paying significant energy
costs for downstream separstion processes, we endeavor to improve the product
selectivity from the start. As detsiled below, the application of 2 pulsed potential
electrochemical CO; redudion (p-eCOR) has emerged as an intriguing exgperi-
mentzl knob totune the product selectivity.

A holistic approach to bring eC0 ;R to technological fruition must also cnsider the
longevity of the eledrolyzer. Conventional Cu-based electrolysis w=lls commaonly
used in academic studies sufferfrom short operating |fetimes, which presents a sig-
nificant barrier to translate these advances from lab to market *** Starting in the
1990, electrochemical approaches briefly reversing the applied voltage (e,
anodic treatments) were explored to recover catalyst activity. Seminal work by Shir-
atsuchi et al. found that periodically interrupting the electmlysis with short anodic
pukes prolongs the lifetime of the copper catalyst and alters the product selec-
tivity. ™ Whereas the conventional constant-potential cells typically lasted only a
few hours before experencing a loss of catalytic activity and a corresponding shift
in product selectivity towand the undesimble hydrogen side product, pulsing studies
hawve shown dastic improvements in @talyst operating time, demonstrating stable
eCO;R performance of atleast ten times longer. ™'~ The majority of 00 ;R studies
reported to date have foocused on constant-potential operation, and these potential-
reversing studies establish anodic trestments and pulsed-potential methods as a
promising approadh to improve dursbility of the eCOpR.*154

More recently, similar pulse methods have gamered increasing sttention as an
attractive option to influence electrocatalytic processes and readion selectivity
beyond mainstream efforts to modify the catalyst and electrolyte %57 These
mainstream efforts include surface faceting, nanostructuring the wtalyst, modifying
the electrachemical cell design, including additives in the electrolyte to control the
ionic ervironment and pH, as well as combining copper with other metals to create
bimetallic rl:at'aljy-sis.5 Catalysts structured with predominantly (100) facets, highelec-
trachemically active surface areas, and more underoordinated sites can favor Cz,
|::nr1:|-|:ﬁ.||:1‘s.5 Bimetallic catalysts can use the combination of chemical and eledronic
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application. The insights shared
here present scientific and
technological opportunities
beyond p-eCO:R studies to other
eledrochemical technologies, in
particular, ones involving
competing reactions or electrode
deactivation.
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properties of the two different metals advantageously to control adsorbates on the
surface to favor specific products.® Changes in electrochemical cell design can in-
crease CO; availshility at the surface to incresse reaction activity, and electrolyte
modifications can be made to create high-pH environments that favor Cz, product
fomnation.” All of these technigques have achieved significant advances inimproving
reaction selectivity and activity, though stability remains an issue, especially with
nanostructured catalysts where some have been reported to experence degrads-
tion within tens of minutes.™ A complementary approach to improving reaction per-
formance isto pulse the applied potential, which, in addition to being a simple tech-
nigue to apply without any complex syntheses or pre-treatments, can alo enact
changes in the reaction environment such as electrode restructuring, roughening,
improved mass transport, and interfacial pH control to achieve goals similar to the
work of catalyst and electrolyte modification. Another advantage of pulsing
methods is that the applied pulse profile can be alered during electrolysis, creating
aresponsive system thatcan adjust to theneeds of the user, which is not possible to
do with the catalyst and electrolyte modification techniques. From a technoeco-
nomic perspective, the viability of p-eCO;R needs to consider the balance of the
“cost” of lost production during the “off- pulse relative to the benefit of (1) lower
product separation costs (due to better seledivity] and (2] extended electrolyzer
durability (due to reduction of electrode fouling). From a scientific pemspective,
despite the ostensible simplicity of using pulse profiles to tailor the electrochemical
reaction, marny foundational questions conceming the mechanism and underlying
physicochemical processes remain. Recent pulse studies have shed light onto the
underying relationship between pulse profie and electrochemical perfor-
manoe, 354448 450505558 Thee studies have elucidated some of the general prin-
ciples underying pulsed eCO;R (p-eCO:R); the emerging mechanistic picture in-
vohies a concerted interplay (arguably a symphony) between dynamic changes in
surface adsorbates, mass transport, and changes in catalyst compaosition and struc-
ture {vide infra). In this review, we summarize the emerging understandings relevant
to p-eC0:R and the broad opportunity space for discovery and advances ahead. We
have organized this “review and perspecive” as follows: we first discuss general
electrochemical considerations and then review past and present achievements
with regards to p-2COzR, before diving into the specific aspects of physical pro-
cesses and the reaction mechanism. We end by providing an outlook to both future
scientific challenges and potential technological applications.

FUNDAMENTAL ASPECTS OF PULSED ELECTROCHEMICAL CO,
REDUCTION (P-eCOR)

Figure 1 provides a schematic illustration of the basic physical and chemical aspeas
that need to be considered in heterogeneous electrocatalytic redox processes. We
will first discuss the general principles and then the considerations related to the
case of a ransient (i.e., pulsed) applied potential. The physicodhemical processes
involved in heterogenecus electrocatalysis have different potential dependencies
and span a range of time and length scales; which means that each of the processes
detziled below has a differentcharacteristic response to an applied potential. Since
the reaction occours at a heterogeneous solid-liquid interface in the case of aquecus
eCOR, or at a three-phase gas-solid-iquid interface in the case of & gas diffusion
electrode flow cell, mass transport of reactants and produds between the bulk
and the double layer must be considered, especially since eCO; R is very sensitive
to concentration polarization.™ Within the double layer, species adsorption and
relevantintermediate binding energies need to be considered.** The adsorbed spe-
cies can then undergo reaction and may desorb. On the solid side of the interface, 2
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Figure 1. Physicochamical procssses and dynamic cumrent responss in paCOR

A) Owerview of basic physicochemical processes involved in heterog electrocatalysis that
exist in dynamic equilibrium.

{B) Example appled pulse profile with important pulse parameters noted.

{C) Expected current response to an appled cathodic poential. (1) Capactive charging cument
decays exponentially with time. (2) Faradic current decays with 1~ "7 in a diffusive system. (3)
Catalyst deactivation/degradation resulting in a deorease in catalytic activity.

number of aspects need to be considered, including the electrode geometry and
electrochemically active surface area (ECSA), % the detailed faceting and recon-
struction,™ ¥ and the catalyst chemistry {i.e., oxidation state and composition). 5741
We note that although this review focuses on the specific case of pulsed electro-
chemical CO; redudion (p-aCO;R), the effects of puking are generally applicable
to other electrochemical processes, such as organic electrosynthesis ** ™ or the
proesses of element extradion and contaminant removal” =™ fee Section 51 for
maore information).

The recogrition that each physicochemical subprocess illustrated in Figure 1A may
occur at differentintrinsic rates is essential to the peCOzR thinking. As sudh, abrupt
changes in applied potential have a significant consequence on the interplay
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between the subprocesses. The intention of pulsed potential methods i to manip-
ulzste these phenomena, for esample, by applying an overpotential with frequencies
comparable to the timescale of the subprocesses of interest. This strategy presents &
simple and adjustable parameter (knob) to modulate the dhoreography of the dy-
namic intenplay of mass transport, reaction kinetics, double layer changing fdischarg-

ing, and surface adsorption/desorption.”” In this way, we can create microenviron-
ments that are inaccessible under potentiostatic conditions. Whereas a detsiled
description of the coupled transient processes during each pulse imvolves significant
complexity, amid this complexity resides a compelling opporunity to tune and
improve elecrchemical processes.

The simplest form of a pulsed potential is the square wave profile shownin Figure 1B,
We note that more complex waveforms (sine, asymmetric, sawtooth, etc) are
possible and likely offer additional tunability, once basic undestanding of the rala-
tionship betwean pulse and electrochemical performance has been established. The
pulsed electrolysis cell can be operated in galvanostatic (i.e., controlled cumrent) or
potentiostatic {i.e., controlled potential) mode. Figure 1B illustrates key control pa-
rameters in pulsed potential electrochemistry induding the duration of the pulse,
i.e., the anodic and cathodic pulse time (t, and t) and the respective anodic and
cathodic potential (€, and E.) applied during that time. The pulse duration, or
fime, can also be represented by the period of the cycle {t, - t, + t) or frequengy
{1/t). The pulse height is the magnitude of the pulse step, either in gahanostatic
of potentiostatic mode. We note that the tem "anodic” potential is used here to
indicate the more positive potential of the two potential limits within the pulkse
sequence, although depending on its actual potential (relative to the potential of
zero charge), the resulting cument may be anodic or cathodic in nature. The value
of the anodic potential is espedally important in determining whether the catalyst
experiences oxidation or just double layer rearangement during the anodic pulse
(discussed more below).

The transient cathodic cument response of the aqueous electrolytic cell in response
to acathodic step change inthe applied potential is schematically illustrated in Fig-
ure 1C. We can categorize the dynamic transient curent profile into three tempaoral
regimes (-I11).

{1) The immediate response to a change in applied potential is the reorganiza-
tion of the electrical double layer (EDL). In & non-adsorbing condition, one
canuse the Guoy-Chapman-Stem model to understand how the EDL changes
in response to the application of the potential pulsing.™ In the limit of highly
concentrated electrolyte, the jons behave like an ideal capacitor, which con-
tributes non-faradiccharging current. This capacitive charging cument decays
exponentizlly with a chaacteristic time, similar to the charging cument
encountered when a potential step is applied to a series RC drouit{Figure 2.7
The situation is more complex when specific adsorption is possible. Motably,
the resulting EDL becomes a balance between the chemical and electrical po-
tential of the interfacial species. It is not streightforwand to describe the gen-
eral EDL behavior under this condition, as the adsorption depends on the
electrode chemistry as well as on the applied potential. Furthemmaore, the
movementand adsorption rates are chemistry dependent, further increasing
the complexity of the EDL.

The identity of ions presents in the EDL, which is potential dependent, affects eCOzR
activity and selectivity through cation promoter effects, buffering, and spedfic
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Figure 2. Separating current contributions into nonfaradic and faradic current fo llowing the
application of a potential pulse

{A) Full pukse profie of 2 100 ms pulse (t, = 1.).

{B) Absolute wvalue of cathodic current from the Blue inset.

{C) Natwral log of the absolute value of the non-faradic current fomthe greeninsetwith a inear fit.
(D) Faradic current from the orange inset with alinear fit. Repreduced from Kimura et al ¥ with
pRnmiEssion.

adsomption, which we will briefly mention here. Large cations such at Cs' have the
smallest hydrated cation radius and therefore have the smallest repulsion close to
the electrode. ™ This allows fora highercation concentration at the surface, leading
to a large surface charge density and stronger interfacial electric field, which in-
creases OO adsorption and enhances C; production. ™2 Electrolyte anion identity
and buffering capacity have also been suggested to buffer the interfacial pH, which
determines the reaction selectivity and activity.”” Resasco et al. found thatbuffering
anions favor protonated products by instead serving as hydrogen donors.® Spedfic
adsorption of anions in the double layer has also been shown to impad product
selectivity, with observations of hydrogen suppression as a result of Cl- adsorp-
tion ®® Studies exploring the effects of different anions have found that anion co
adsomption can modify the *CO binding energy and the electronic structure of locl
catalyst sites to promote C—C coupling.® Double layer reamangement effects after
the application of a potential typically happen on the order of milliseconds.

While we will not discuss all of the mechanistic complexities of EDL here, we point
out the opportunity to use pulsing to fine-tune this complexdty to build the best
microenvironment possible for eCOLR.

{2) The transition from the initial non-faradic dhanging to the subsequent faradic aur
rentcan be analyzed with quantitative rigor asillustratedin Figure 2. Followingthe
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initial exyponential decsy in curent fwithin a chara dernstictime defined by the RC
time constant), the subsequent transient regime is charaderized by an |-versus-
t'% response (Figure 20). This regime reflects the fradic cument due to the
flow of eledrons across the electrodefeledolyte interface {redox readion) in a
diffusive system, i.e., whene kinetics is not the limitation. This transient can be
described by the Cotirell equation.* At shortertimes, the cument described by
the Cottrell equation decaysrapidly, and atlongertimes, the current tends toward
alimiting value. IneCO:R, efforts toincrease the limiting cument imvohreincreasing
Oz solubility in solution (by modifying operational tem perature and pressure or
byusing different electrolytes like ionic liquids) or by using pure CO;z feed gasina
gas diffusion eledrode configuration.

(3) ¥ thepotential is applied for an extended period (several seconds to hours), a
third regime may be entered in which the electrochemical curent decreases
due to degradation or deactivation of the catalyst surface. Catalyst deactiva-
tion can be gernerally separated into three causes: chemical, mechanical, or
thermal degradation™ In eCO;R, important degradation pathways with
respect to Cu-based mtalysts include fragmentation, Ostwald ripening,
dissolution, detachment, agglomeration, reshaping, or poisoning. ™
Poisoning species include impurities from the electrolyte, glassware, CO;
fead stream, reference or counter electrodes, and others, oreCO ;R interme-
diates irreversibly bound to the surface 25275571 These processes cuse
changes in the structure, morphology, and ECSA, which in tum change the
catalytic activity as well as modify the reaction selectivity.

It is important to note that upon the application of an anodic potential, there is &
similar cument response as reported in Figure 1B, following the application of a
reducing potential including non-faradic curent due to double layer reorganization,
faradic cument due to CO; redudion or due to copper oxidation depending on the
applied potential, and the possibility of catlyst poisoning depending again on the
applied potential.

Consideration of these three tempo ral regimes thus points toward atiming “window
of opportunity.” In the language of the domains illustrated in Figure 1C, this timing
window of opportunity refers to regime |l To make an informed decision about
optimal pulse duration, one should therefore select a pulse that is (1) sufficiently
long such that the majority of the cumrent goes tofaradic processes instead of double
layer charging, but {2) not too long sudh that the cument drops due to poisoning of
the catalyst active sites.

To ensure that the pulse duration is sufficiently long to neglect the influence of dou-
ble-layer charging, one needs to approximate the characteristic double-layer
charging time. The relative importance of the non-faredic charging cument
compared with the faradic processes depends on the relative duration of the pulse
compared with thecapacitive charging time. Forshomer pulse times, with a predom-
inant portion of the pulse spent in regime |, the majority of curentis used for double-
layer charging, which reduces the process efficiency with which cument is used to
reduce OO0;. The RC time constant {i.e., the time required for charge equilibration
of the double |ayer) depends on the cell resistance and the capacitance of the elec-
trode, both of which depend on the electrode area, applied potential, ionic concen-
tration, and other experimental parameters.

By selecting 2 cathodic pulse duration in regime |l and avoiding regime 1ll, one can
regenarate the catalyst before loss of activity due to poisoning to ensure longevity of
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the system. Momeover, “fine tuning” the cathodic pulse duration and applied puke
potential within regime 1l provides a compelling opportunity to modulate dynamic
interplay of transport, adsomption, and reaction. The choice of applied potential
and duration is equally important during the anodic pulse, since the choice for E,
can result in changes in the adsorbates in the double layer, copper oxidation, and
electrode reconstruction, all of which can have persistent effects throughout the
entire pulse cyde. “fine tuning” the cathodic and anodic pulse durations and poten-
tials provides additional control over product selectivity during electrolysis (beyond
what is possible by pre-engineering the catalyst and electrolyte). In contest of the
resurging interests in electrochemical methods, particulardy CO2 reduction, we
naote that there are manymore opportunities shead. We anticipate thatemenging in-
sights into pulse design principles (i.e., the underlying relationship betwean product
selectivity and pulse profill—pulse shape, duration, and potential) will spur on
future advances in pulsed electrosynthesis.

Summary of pulsed electrechemical CO; reduction (p-eCO3R) experiments
Whereas the first reports of @00z R date back to 1954, the application of anodic
treatments was not investigated until 1990.%° Eardy pulsed potential methods have
focused on relatively long interval (i.e., seconds to minutes) pulses aimed predom-
inantly at avoiding catalyst degradation by restoring the activity of the electrode sur-
face through the anodic potential application. The application of shorer (ie., milli-
second) pulses to tailor the product selectivity only emerged recently.* Below, we
will first provide a synopsis of the recent peCO; R studies tabulated at the end of
this section). We organize the summary by pulse duration to reveal the role of the
mechanisms at different timescales. Then, we go on to discuss the emerging under-
standing of the underlying mechanism in the following section.

“Long” pulses (=1s)

In 1990, Wasmus et al. demonstrated that periodic anodic pulses could be used to
recover Cu electrode appearance and activity.”" They interpreted the periodic
anodic pulse as a means to reverse graphitic deposition, which was known to deac-
tivate the elecrode surface under mnstantpotential electrolysis.” Subsequent re-
ports by Shirtsuchi, Mogamiand co-workers systematically studied peCO:zR on Cu
and Ag electrodes. ™ Their studies demonstrated that 5-s pulses applied to Cu
electrodes prevented graphite deposition and sustained hydrocarbon fomation.
They reasoned that periodic anodic pulses oxidize adsorbed intermediates (fomic
acid andfor formate) and thereby awnid the formation of insctive graphitic de-
posits. ™ Moreover, their ex situ X-ray photoelectron spectroscopy (XPS) measure-
ments revealed that anodic pulses led to the formation of a thin CuzO film. A subse-
quent study by Jermann and Augustynski applied CV scans in 5-min intervals and
also observed stable eCO;R.* Beyond confirming the role of the periodic anadic
potential in hindering the adsomption of inactive amorphous carbon, Jermann and
Augustynski also observed a shift in product selectivity. Like previous reports, they
too suspected the role of oxidized species, suggesting that these parmsistent Cu* re-
gions favor ethylene.

AT p-eCOLR study on Ag electrodes by Shietsuchi et al. suggested that the
pulsed potential influences the OO, adsomption, as well as proton affinity, thereby
impading product selecivity.® In 2000, lshimaru et al. studied peCO;R on Cw/
Ag-alloyed electrodes and argued that by controlling the pulse profile and the alloy
ratio, they could control the amount of adsorbed CO on the surface and thereby
tzilor product selectivity.”” In 2 similar effort to use pulsing to ntrel the adsorbed
CO population on the surface, Lee and Cho et al. found that pulsing on Pd-based
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catalysts could stably produce formate over the course of 45 h.** Poisoning by
strongly adsorbed CO spacies can cause Pd catalysts to degrade. However, pulsed
electrolysis selectively oxidizes CO, removing it from the surface and thereby
enhancing eCOR to make formate.

To understand the effects of p-2CO:R, in 1997, Friebe et al. examined pulsing on
copper using differential electrochemical mass spectrometry (DEMS) to confimm sta-
ble eCOzR activity over time, suggesting that puksing reverses the poisoning
pathway.* In 2001, Lee and Tak used electrochemical quartz crystal microbalance
{EQCM), which simultaneously measures mass change and cument flow, to study
p-eC0:R on copper.”’ During constant eCOzR, they observed an increase in the
mass of the electrode, while the production of methane simultanecusly decreased.
They were able to identify this mass increase as deposited graphite [using ex situ
scanning electron microscopy [SEM] and AES), which deactivated the electrode
owver time. This study revealed that pulsed potentials successfully mitigated any pre-
cipitation of graphite. Using ex situXRD, they observed CuzO on the surface, postu-
lating that Cu dissohees during the anodic pulse, which then reacts with local hydrox-
ides to predpitate CuyO on the surface and thereby preventing carbon poisoning. !

A 2007 study by Yano et al. evaluated potential pulsing on Cu and Cuy0 electrodes
and demonstrated that optimization of the anodic pulse potential and duration an-
hances the selectivity {i.e., faradic efficiency, the efficiency with which electrons are
transferred) of ethylene.™ They interpreted the fact that the enhancement in
ethyene selectivity observed with pulsing was more pronounced on CuzO than on
Cu electrodes as an indication that the Cuz0 phase prevents immediate protonation
of adsorbed CO intermediates, thereby allowing for C—C coupling and increased
ethyene selectivity. In 2016, Lim et al. studied the effect of parfodic CV scans and
potential steps on the performance of galvanostatic eCO:R on cu’' By applying
this anodic treatment every 2 h, they showed that they could favor the production
of CO at the expense of methane. From this result, the authors suggested that
they were switching between the two surface coverages determined by the compet-
itive intermediate adsoption.

Mew insights into the role of pulsed potentials and long-term stabilitywere reported
in a 2018 stwdy by Engelbrecht et al.*” Theirpulsed elecrolysis study demenstrated
95 h of stable peCO:R performance, reiterating that pulsing mitigates catalyst
poisoning. To understand the role of puksing in oreating durable electrode activity,
they monitored changes in the catalyst surface structure using SEM and found that
applying & more negative upper potential conserved the surface structure, whereas
more positive upper potentials led to increasing surface rearrengement. Under
pulse profiles in which the upper potential was above the open-circuit potential,
the electrode structure was observed to comode, with material being deposited
onto the electrode suface and in the catholyte. Based on these insights, they
advised that the anodic pulse potential be chosen to create favorable surface mod-
ifications, while avoiding material dissolution.

The relationship between pulse profile, electrode structure, and product selectivity
was recently illustrated by Jiang et al. who used pulsing to synthesize an electrode
for 00 ;R.™ They cycled a Cu foil electrode 100 times between an upperand lower
potential and found that oycling resulted in amanged nanocubes that exhibited high
ethyene selectivity when tested under potentiostatic conditions. They attributed
this obsenation to electrode roughening, which increases the reaction rmte pergeo-
metric surface area. This led to an increase in local pH, which consequently
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suppressed the competing hydrogen evolution reaction (HER) in favor of C; product
fomation. Even though we are focusing on pulsed potential electrolysis and in this
case, they used pulsing only for electrode synthesis, their findings offer additional
insight into the effects of pulsing and what structural changes can be taking place
during p-eCOLR.

Advances in in situ and operando spectroscopy characterization methods have been
very beneficial to efforts focused on decoupling the comp lex transient processes in
p-eCOzR. A study by Lin et al. used operando seconds-resolved x-ray absorption
spectroscopy (KAS) to track the chemical state evolution of their mixed-valence ox-
ide-derived copper mtalysts.” Whereas obsernving no changes in morphology with
TEM measurements under pulsed potential conditions (—1.15V < E. < —0.7 Vversus
RHE, E. = 0.5V, t. = t. = 10 5), they found that their catalysts achieved a steady state

Q5 between half Cu® and half Cu' species, which selectively produced ethansol. Supple-
menting their experimental cbservations with DFT calculations, Lin also suggested
that the co-esxistence of Cu® and Cu” under pulsed conditions enhanced OH species
present at the boundary, which stebilzed carbonyl intermediates, thereby prevent-
ing protonation of the terminal oxygen site and allowing oxygenated COLR product
formation.

A 2020 study by Kim et al. tracked the temporzl evolution of p-eC O:R products over
time on Cu using DEMS.5* The researchers hypothesized that CO accumulates on
the Cu surface during the cathodic sweep, and that this inventory of adsorbed CO
subsequently reduces to C;Hy or desorbs as CO during the anodic sweep. Owing
to DEMS with a time resclution of less than 0.5, Kim etal. were able to differentiate
between transient and steady-state behaviors. By pulsing farbelow the Cu oxidation
potential (E. = —1.15 V versus RHE; E, = —0.BV; t.= 5, 10,and 253, t, = 5, 10, and &0
g), they ruled out cxidation, and based on insights from the SEM images, they ruled
outmomphological changes. Another interesting discovery enabled by the fast time
resolution of DEMS was that over time during peCOzR, the lol concentration of
ethyene increased, and the concentrations of CO and Hp decreased as pulsed oper-
ation went on. They atiributed improved Cz selectivity under pulsed conditions to
the enhanced surface concentration of CO versus H, which improved C-C coupling
and suppressed HER.

In a time-dependent continuum maodel, Buiet al. tracked the effects of pH and COz con-
centration in the boundary layer on the kinetics for forming individual products to under-
stand why Cj, product formation i enhanced under pubed conditions.™ Modeling a
variety of different pulse profiles in0.1 M CsHCOs ranging from 5-20 s pulses, they
were sble to reproduce experimentzlly observed results by Kim etal,™ and proposed
thata transient state of heightenad pH, CO; concentration, and driving potential under
pulsed conditions are responsible for improved e 00 ;R performance. Testing a range of
pulse shapes (modifying pulse amplitude, width, and dutycycle), they showed thatmore
cathadic pulse amplitudes lead to higher cument densities, but that too high of an over
potential favors methane formation over C;, products. They akso showed that shorter
pulse widths improve cument density and enhance C;, FE, since the fraction of time
spent in the state of increased pH, CO; concentration, and overpotential is inoeased,
however, too short of 2 pulse time is limited by double |ayer charging. This work further
highlights the imporance of understanding and controlling the reaction microenviron-
ment under pulsed conditions.

Considering the myriad of dynamic processes on the electrolyte side of the elec-
trode-electrolyte interface, the composition and concentration of the electrolyte
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should also impact the p-eCOzR response. Oguma and Azumi examined the effects
of pulsing on silver (Ag) in an electrolyte solution containing ionic liquids (1-ethyl-3-
methylimidazelium ethyl sulfate (EMISE)).™ Under pulsed conditions (E. = —1.4,
=1.5, and —1.6 V versus Ag/AgCl for 5 &, and E, =0V far 5 g), they observed that
the farmation of CO relative to Ha was considerably higher than that obtained during
potentiostatic electrolysis. Adding EMISE to their bicarbonate electralyte further
improved CO selectivity. The main condusion of their work was that pulsing miti-
gated the evolution of a CO; reactant depletion layer {whether or not EMISE was
present), while EMISE further enhanced reactant concentration at the interface by
complexing CO3 more strongly to the surface. Recent work from our group (Case-
bolt and Kimura et al.) showed that the relationship between electrolyte concentra-
tion/composition and product distribution for short (i.e., 50 ms) pulsed potential
eCO,Ris different from constant-potential e CO3R, due to the differences in reaction
environment between pulsed and static eCO.R.* Under static conditions,
increasing the electrolyte buffer concentration has been shown to significantly in-
crease hydrogen formation and slightly increase methane formation, while under
pulsed conditions, we find that HER is suppressed at all bicarbonate concentrations
{0.1-1 M KHCO;) as a result of the preferential hydrogen desorption during the
anodic pulse, whereas methane selectivity is significantly enhanced at increasing bi-
carbonate concentrations.*” Recent modeling work by Bui et al. also showed a sig-
nificant increase in methane selectivity when pulsing at increasing CsHCO3 concen-
trations, reiterating our experimental observations.” Using our experimental
parameters in the 1D continuum mode| developed by Gupta etal.,* werule out dif-
ferences in pH and instead suggest that bicarbonates role as a proton donor is the
reason for increased methane selectivity at increased buffer concentrations.*> ™ We
also explored the effects of increasing concentration in the unbuffered KCl electro-
lyte under static and pulsed conditions and found that under static conditions, there
is no change in selectivity with both hydrogen and CO being the main products.
However, at increasing KCl concentrations under pulsed conditions, Cg selectivity
is significantly increased, reaching over 70% FE. We hypothesize that Cy products
are favored at higher KCl concentrations because of the higher flux of CO; to the sur-
face (using Cottrell analysis), which increases CO .4, coverage, and the higher con-
centration of OH at the surface stabilizes the CO.,., intermediates to promaote C—
C coupling. **** This work highlights how pulsing can be used to control the micro-
environment (through preferential H,4 desorption and OH adsorption), as well as
how the proton donor ability of the electrolyte determines the product selectivity.
This is just the beginning of understanding electrolyte effectsin p-eCO2R, and there
is a lot more room for exploration.

p-eCO3R has proved advantageous beyond application in liquid cells. Lee et al.
recently examined the effect of periodic anodic treatments on gas diffusion elec-
trodes (GDEs) operated at high current densities (> BO mbdem?). Using a
custom-built, gas-fed operando XAS cell coupled with gas chromatography (GC)
measurements, Lee explored the relationship between the Cu-based catalyst axida-
tion state and the ethylene activity during CO reduction. Using two different periodic
anodic treatments ([1] apply 1.5 or0.1 Vversus Ag/AgCl for S min after bulk electrol-
yeis at —2.2V for 1 h, or [2] scan 20 times between —1.1 and 0.5V at 50 m\W/s), they
found no correlation between Cu oxidation state and ECSA to ethylene production.
Using ex situ microscopic techniques, they suggested that ethylene activity im-
proves with oxidative treatment because of morphological changes (their nanostruc-
tures coalesced into smooth surfaces during electrolysis independent of initial
oxidation state or starting morphology, and then the nanostructures were regener-
ated after anodic treatment) that generate more active structures. Consistent with
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previous studies, they found that anodic treatments improved catalyst stability,
noting that their results show a technique for cell regeneration that can restore cata-
lyst performance without cell disassembly, thereby mitigating gas-fed GDE cell
degradation.

Another recent study testing the efficacy of pulsing in a flow cell configuration, by
Jannsch et al., found that pulsing enables stable ethylene production over the
course of 16 h and that pulsing can recover the activity of deactivated electrodes.*’
While no characterization techniques were employed, they suggested that pulsing
stabilizes active catalyst facets, probably through active surface reconstruction as
proposed by Aran-Ajs etal * Another recent study by Xu et al. showed that pulsing
can be used in a membrane electrode assembly as a self-cleaning strategy to avoid
carbonate salt formation. ™ High current density electrolysis produces large quanti-
ties of hydroxide ions on the cathode, which react with potassium and carbonate
ions (present in excess because of the high pH) to form salt precipitates that hinder
CO2 masstransport and destabilize cell performance. By carefully choosing a regen-
eration voltage, Xu et al. were able to momentarily halt hydroxide formation while
maintaining an electric field which facilitated carbonate migration to the anode.
This enabled the cathode to never reach the potassium carbonate solubility limit,
which prevented salt formation and resulted in 236 h of stable operation at 138
ma/em? with 80% C, product selectivity. In a study published earlier this year study,
Jeon etal. demonstrated that pulsing modifies selectivity on copper nanocubesin a
gas-fed flow device, observing a 10% enhancement toward Cz products (reaching Co
FE ~6&4% at E, = 0.9V versus RHE) under pulsed conditions compared with poten-
tiostatic conditions at current densities > 250 mA/em?”* They attributed the
enhanced selectivity toward ethylene and ethanol to irreversible morphological
reconstruction resulting in a highly defective interface with mare grain boundaries.
Interestingly, as they pulsed to more anodic potentials, they observed decreasing
selectivity toward Ca products, which theyattributed to OH™ consumption at the sur-
face {forming a CuyO shell), resulting in an OH-poor environment that favors
methane production. These studies indicate that pulsing has advantageous effects
in notonly aqueous cellg, butin high current flow cell configurations required for in-
dustrial-scale implementation, *44577%

“Short” pulses (<1 s)

We now turn our attention to shorter, sub-second pulses. To our best knowledge,
the first study of sub-second pulses was reported in 2016 by Kumar et al. who
demonstrated that the application of millisecond (square wave) pulses had a signif-
icant impact on the COsR product selectivity on Cu, observing only Hs and co.#
They speculated that the rapidly changing local electric field near the interface
significantly affects the binding energy experienced by adsorbed intermediates
leading to desorption of CO before it can reduce further to hydrocarbon products,
as well as inhibiting the binding of CO; which results in HER promotion over CO at
very short pulse times (<50 ms). They also suggested that in situ oxidation and
reduction of Cu preferentially formed CO over other carbon products, resulting in
tunable syngas formation.

A subsequent study employing millisecond pulses on copper electrodes by Kimura
et al. reported the selective formation of methane for all pulse intenals, as well as
significant HER suppression.** Although both studies by Kumar*® and Kimura**
used similar pulse times, potentials, and electrolyte, the variations in reported prod-
uct selectivity reveal remarkably different responses of the product selectivity to
pulsed potential. Whereas Kumar reported enhanced HER under millisecond pulse

12 Joule 5, 140, August 18, 2021
JOUL 933

Joule






| trps/doi.orgr10.101 8 joule. 2021.05.014 ’ . ’ ; ’ ]

Joule ¢ CelPress I

eonditions, Kimura reported the apposite trend finding that millisecond pulses sup-
pressed HER. This difference underseores the eritical role of the relative magnitude
ofthe non-faradie and faradic transient eurrents during regimes land Il (see Figure 1)
The differences in induction time and double layer charging rate are directly related
to differences in electrode area. Whereas Kimura used 0.1 em? electrodes (abserving
Ha suppression and CHy enhancement), Kumar used 5 em?® electrodes (observing
anly Hy and CO production). With larger electrodes and slower RC response times,
arelatively large fraction of the millisecond pulse is spent charging the double layer,
i.e., the potential profiles at the electrode-electralyte interface were not identical.
This eomparison highlights that to enhance eCO,R product formation under pulsed
eonditions, it is crucial that the electrochemical system has a sufficently fast
response time to cycling potential. ** Breaking this down further, configuring the
electrolysis cell to ensure relatively fast RC response time by reducing the ratie of
electrode size to pulse time, minimizing cell resistance, and taking into aceount
the optimal positioning of the reference electrode is essential to ereating a repro-
ducible application of pulsed potential. Further, we propose that in high current de-
vices with high ehmic dreps and high catalyst surface areas, the pulse duration will
need to be scaled accordingly so that the ratio of pulse duration te charging time
remains relatively "fast.”

Further insights into the relationship between pulsed potential and product selec-
tivity emerged from a 2017 study using online electrochemical mass spectrometry
by Le Duff et al.*’ Using pulsed voltammetry {stepping between —0.2 and —1.1V
versus RHE at 10 Hz) to track CO; reduction products aver single crystal, Cu(111)
and Cu(100) electrodes, Le Duff showed that oxygenated hydrocarbons were
formed more favorably under alternating conditions. The authors attributed this
higher product selectivity toward oxygenated hydrocarbons to the enhanced sur-
face coverage of oxygen species (OH,4.) during the pulse.

To understand the role of defect structures and oxidation state during p-eCOaR,
Aran-Als et al. tracked the surface composition of single crystal copper elec-
trodes as a function of the anodic pulse potential (varied between 0O and
0.8 V versus RHE) and cathodic pulse duration (varied between 0.2 and 1s) using
quasi in situ XPS.® This careful work allows a correlation between surface char-
acteristics and product selectivity They found that ethanol is favored when more
Cu" is generated during the anodic pulse, and that ethylene has no dependence
on Cu™ concentration. Instead they found that ethylene depends on the length
of Cu(100) domains. They also observed no significant changes in ECSA during
the pulse program.

In a follow-up study by Tang et al., using (100)-textured polycrystalline copper foil,
they toa found that pulsing enhaneed Cy, praduct formation. ™ While Aran-Ais
et al. found that Cu™ stabilization during pulsing enhaneed ethanol foarmation
without affecting ethylene production, ™ Tang et al. demonstrated that the factor
eontrolling selectivity between ethanol and ethylene is the reduction rate of the
Cu” during the cathodic pulse, which they madified through temperature control.
By decreasing the temperature ta 5°C, thereby slewing the reduction kinetics,
Tang et al. were able to achieve 40% selectivity to ethanol because the active Cu®
species from the anodic pulse persisted through the cathodic pulse. Furthermore,
they showed that the competition between ethylene and ethanol corresponds pro-
portionally to the response time of the reduction cycle, providing insight into how
temperature control can be used to tailor Ca selectivity.
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Both Strain et al. and Kimura et al. demonstrated that in addition te improving
eCO;R performance, pulsing alse improves CO reduction compared with
HER.***+** The fact that the pulsing mechanism enhances performance even
when starting from CO demonstrates that the influence of pulsing is not spedfic
to the first eCOLR intermediates (*CO,~, *COOH). """ Strain et al. examined
pulsed CO reduction an axide-derived Cu electrades under a range of pulse condi-
tions [E. = —0.35V, E,=0Vwersus RHE,0.01s < t, = t. < 50s) and showed that prod-
uct selectivity depended on pulse duration.** Application of short {t=1s)pulses re-
sulted in the reduction being selective to the COR, specifically increasing selectivity
toward C, products over Cp produets, and suppressing the HER. They suggested
that non-faradic charging dominates at short pulse times and that the continually
changing surface energetics prevent adjacently adsarbed CO specdies from binding.

To better understand the physicochemical processeswithin the double layer during
pulsing, a 2020 paper by our group (Kimura et al.) examined p-eCOsR on polycrys-
talline copper using in situ XPS supplemented by a multi-species Langmuir isotherm
madel.** Using millisecond pulses and testing a range of pulse potentials, Kimura
et al. found that pulsing selectively improved CO:R products over HER compared
with the constant-potential eCOR when E, > 0.2 V versus RHE (E. = —1.05V, t, =
t. = 50 ms). When E, > 0.2V, we also found that the baseline anodic current (i) =
0 mA/ent, indicating the existence of an axidative reaction. While copper oxidation
eould be behind this axidative reaction, another possibility is that pulsing ehanges
the composition of adsorbates at the interface, notably, the electro-adsorption of
hydroxides (HaO — OHq: + H® + &7). These adsobed hydraxides eould pramote
the CO,4zqp formation while preventing the COpnag. formation that could deactivate
the Cu suface. We proposed that this CO,,,, formation leads to the favorable
competition between CO .4, and H, 4 to suppress the HER. In situ X-ray absorption
near edge structure (XAMNES) revea led that Cu{OH); was formed at a constant poten-
tial of 0.2 Vversus RHE. However, the application of short (50 ms) pulsesta E, > 02V
did not lead to any detectable Cu{OH),. These spectrascopic insights show that
pulsing enables the electrade to underge an exidation reaction without causing
bulk copper axidation, provided that the cathodic potential is sufficiently reductive
(< —0.B V). In this windew with no bulk oxidation, improved CO;R is due to the
changes within the interface (2., the active adsorption/desorption of ions). A
three-part experiment going from pulsed reduction, to constant reduction, back
to pulsed reduction with corresponding switches in observed selectivity further sup-
ported that pulsing is a reversible and transient treatment that cannot be explained
by pemanent surface reordering. And the four component (OH, 4, Hags CObndga,
COep) Langmuir model showed that pulsing favors OH 4, accumulation consistent
with the findings of lljima et al."™ Ower long times (100-1,000 %), pulsing maintains
C0 4100 coverage compared with constant reduction where CO, .., slowly transforms
to inactive COprigge- The cathodic potential maintains the reduced state of copper
and creates a high pH surface environment where residual OH™ remains on the sur-
face, inducing near neighbor coupling interactions with CO, 4., thereby favoring
CO;R products and suppressing HER.

A 2020 report by Blom et al. evaluated p-eCO3R methods on lead (Pb) electrades,
further demanstrating the utility of the p-eCOsR beyond that of copper.”™ Whereas
lead electrodes typically deactivate after 30 min under potentiostatic conditions,
pulsing enabled stable formate production for 16h. Blom et al. examined symmetric
and asymmetric square wave pulses and found that high frequency pulse cycles (cy-
cle time = 0.002 s} were dominated by double layer eharging and that this fast re-
axidation of intermediates inhibited formate production. Using longer eycle times
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(eyeletime = 0.02 ta 0.2 5), they observed significant increases in formate partial eur-
rent density and selectivity. In situ Raman spectroscopy revealed that the Pbsurface
axidizes to form PbCO, during the anadic pulse which is hypothesized to be more
active toward formate production, and that the Pb®" reduces back to Pb? during
the cathadie pulse.

Pulsing in eCO3R has been used to prolong electrede lifetime and medulate produet
selectivity. Comparng trends between these various studies is not trivial as each
group uses different electrochemical procedures, equipment, experimental condi-
tions, and analysis methods. In an effort to make comparisons easier, we have
included a table below outlining the conditions under which each experiment was
run, including major abservations and hypotheses (Tables 1 and 2). Despite differ-
ences in experimental parameters, several major mechanisms have been proposed,
including surface oxidation, catalyst reconstruction, improved reactant concentra-
tion in the double layer, and changes in surface adsorbate coverage.

MECHANISTIC INSIGHTS INTO (P-eCO4R)

Building on the summary of experimental results discussed above, we now tum our
attention to describing the underlying mechanisms and the interplay between
eompeting dynamic subprocesses previously illustrated in Figure 1A We recapitu-
late aur main hypothesis that differences in characteristic timescales and potential
dependencies of competing subprocesses can be exploited through the judicious
design of the pulse profile. The result is the ability to influence the reaction pathways
and thereby une product selectivity and catalyst longevity. Our intent here is to illus-
trate initial insights inte the complex interplay between these processes and to
inforn the relative magnitude oftheir eontribution rather than to identify the singular
determinant. Pulsing improves catalyst lifetime and performance stability. ™'
Whether it be impurities from some part of the electralysis cell or irreversibly ad-
sorbed intermediates and CO3R products (graphite), pulsing reverses these deacti-
vation pathways thereby prolonging catalyst lifetime. However, despite these
abserved benefits, the mechanism by which pulsing maodifies the eCO.R is still an
open question. We have organized the mechanistic discussion below along the lines
of the key processes illustrated in Figure 1A. In separate studies, processes within

surface (i.e., adsorbateg), 8484540 ELELE 40 d within the electrade (i.e., structure
and composition)’ ™SS ATATALAENENASLTE bave been evoked to explain
observed trends. It is important to recognize that these processes do not operate
in isolation but rather in concert at the pulsed solid/electrolyte interface, so while
we cannot rule out any process completely, we can speakabout its relative contribu-
tion in different pulse conditions.

Hydrodynamics and the role of mass transport limitations

As with any liquid-phase electrochemical reaction, mass transport of the reactants
from the bulk fluid to the electrode interface requires careful consideration. Fast sur-
face reaction rates will deplete the reactant near the surface and result in concentra-
tion polarization (i.e., spatial gradients of the reactant concentration from the cata-
lyst surface to the bulk fluid). In this mass transport limited regime, the overall
reaction rate is limited by the transport (diffusion, migration, and convection) of re-
actants through the boundary layer to the active site (regime Il, Figure 1C). Mass
transport limitations are more pronounced for reactions at higher current densities
where reactants are more rapidly consurmed, thaugh this can be overcome by opti-
mizing electralysis cell design or using gas-fed devices. In eCO2R, the averpatentials
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used to drive the reaction are ususlly high. Coupled with the low solubility of CO4in
aqueous solutions, the rapid consumption of CO; at the surface can result in CO5
diffusion being the rate limiting process.

Understanding the spatiotemporal concentration profiles within the boundary layer
during p-eCO;R presents an interesting challenge and opportunity since the CO5
depleted at the eledmde surface during the cathodic "on' pulse can be replenished
during the anodic "off” pulse. The extent to which the CO; levels within the bound-
ary layer are replenished can be estimated with mathematical models 25 was shown
by Gupta etal** The optimal "off" pulse duration is govemed by the balance of two
factors: {1} long enough "off” pulse to substantially replenish COy levels but (2) not
too long that the producion time iz lost within the cycle period. Kim et al. recently
reported a synergistic integration of experiment and compautation to show how this
replenishing effect enhances peC0:R performance toward Ca  product
foma tion 54

The boundary layer thickness is a key consideration in the analysis of mass transport
effects. In the case of p-eCO:R, thicker boundary layers require longer “off” pulse
durations to replenish OOy levels. For a typical boundary layer thickness of about
100 pm, an "off" pulse duration of 5-10 s is required, **** indicating that in studies
with longer pulse profiles, enhanced mass transport of COs to the surface is a rele-
want consideration in explaining the pulke mechaniam. However, when the pulse
profile is on the order of milliseconds, there is no significant change in [CO] at
the surface, meaning that the pulse-dependent product selecivity obsenved inmilli-
second p-eCiO:R experiments is therefore notdue to the replenishing effect =%

Totune intothe replenishingeffect for millisecond pulse profiles, one can reduce the
boundary layer thidmess from the elecrode. With thinner boundary layers due to
improved mass transport fe.g., rotating disk electrodes or GDEs), the replenishing
effect canbe accomplished with much shorter “off* puls es. Complementarny compu-
tational models (taking into account COy diffusion and CO5 reaction in the bicarbon-
ate buffer equilibrium and COz reduction reactions, Figure 3C) provide valuable
insight into the effectiveness of the replenishing effect byillustrating the relationship
between boundary layer thickness and "off" pulse duration, as shown in Figures 3A
and 3B (unpublished simulations based on the resction-diffusion model developed
by Gupta et 2l.°%). In the case of 2 100-pm thick boundary layer, 50 ms i not long
enough to significantly replenish the concentration of COy at the surface, wheneas
in the case of a 50-pm thick boundary layer, 50 ms is a long enough "off" puke to
restore f00;] at the interface to nearits initial condition.

To investigate the effects of heightened CO: concentration at the surface due to
enhanced mass transfer during the “off" pulse under millisecond pule profile con-
ditions, Kimura et al. tested the resulting sele ctivity of atatic versus pulsed electrol-
yais in enhanced masstransport experiments. Usingfacilitated convection at a planar
electrode where 1,000 pm coresponded to a boundary layer of ~10 pm, 50 ms
pulses were long encugh to replenizh [005] atthe surface (Figure 3B I the pulse
mechanism operates by improved mass transport alone, then the stimed static po-
tential experiment should have the same effect as the non-stimed pulsed potential
experiment. However, as seen in Figure 3D, puking significantly suppresses
hydrogen formation, and the resulting product selectivities between the pulsed
and static experiments lock wery different.™ Further, if puking works solely by
improved mass transport effects, then going from puked non-stirred to pulsed
stimed should not experience any changes in selecivity, rather just 2 unifom
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used to drive the reaction are ususlly high. Coupled with the low solubility of CO4in
aqueous solutions, the rapid consumption of CO; at the surface can result in CO5
diffusion being the rate limiting process.

Understanding the spatiotemporal concentration profiles within the boundary layer
during p-eCO;R presents an interesting challenge and opportunity since the CO5
depleted at the eledmde surface during the cathodic "on' pulse can be replenished
during the anodic "off” pulse. The extent to which the CO; levels within the bound-
ary layer are replenished can be estimated with mathematical models 25 was shown
by Gupta etal** The optimal "off" pulse duration is govemed by the balance of two
factors: {1} long enough "off” pulse to substantially replenish COy levels but (2) not
too long that the producion time iz lost within the cycle period. Kim et al. recently
reported a synergistic integration of experiment and compautation to show how this
replenishing effect enhances peC0:R performance toward Ca  product
foma tion 54

The boundary layer thickness is a key consideration in the analysis of mass transport
effects. In the case of p-eCO:R, thicker boundary layers require longer “off” pulse
durations to replenish OOy levels. For a typical boundary layer thickness of about
100 pm, an "off" pulse duration of 5-10 s is required, **** indicating that in studies
with longer pulse profiles, enhanced mass transport of COs to the surface is a rele-
want consideration in explaining the pulke mechaniam. However, when the pulse
profile is on the order of milliseconds, there is no significant change in [CO] at
the surface, meaning that the pulse-dependent product selecivity obsenved inmilli-
second p-eCiO:R experiments is therefore notdue to the replenishing effect =%

Totune intothe replenishingeffect for millisecond pulse profiles, one can reduce the
boundary layer thidmess from the elecrode. With thinner boundary layers due to
improved mass transport fe.g., rotating disk electrodes or GDEs), the replenishing
effect canbe accomplished with much shorter “off* puls es. Complementarny compu-
tational models (taking into account COy diffusion and CO5 reaction in the bicarbon-
ate buffer equilibrium and COz reduction reactions, Figure 3C) provide valuable
insight into the effectiveness of the replenishing effect byillustrating the relationship
between boundary layer thickness and "off" pulse duration, as shown in Figures 3A
and 3B (unpublished simulations based on the resction-diffusion model developed
by Gupta et 2l.°%). In the case of 2 100-pm thick boundary layer, 50 ms i not long
enough to significantly replenish the concentration of COy at the surface, wheneas
in the case of a 50-pm thick boundary layer, 50 ms is a long enough "off" puke to
restore f00;] at the interface to nearits initial condition.

To investigate the effects of heightened CO: concentration at the surface due to
enhanced mass transfer during the “off" pulse under millisecond pule profile con-
ditions, Kimura et al. tested the resulting sele ctivity of atatic versus pulsed electrol-
yais in enhanced masstransport experiments. Usingfacilitated convection at a planar
electrode where 1,000 pm coresponded to a boundary layer of ~10 pm, 50 ms
pulses were long encugh to replenizh [005] atthe surface (Figure 3B I the pulse
mechanism operates by improved mass transport alone, then the stimed static po-
tential experiment should have the same effect as the non-stimed pulsed potential
experiment. However, as seen in Figure 3D, puking significantly suppresses
hydrogen formation, and the resulting product selectivities between the pulsed
and static experiments lock wery different.™ Further, if puking works solely by
improved mass transport effects, then going from puked non-stirred to pulsed
stimed should not experience any changes in selecivity, rather just 2 unifom
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& and B) Modaled C0; surface concentration for thin (10 pm) and thick {100 pm) boundary Layer
thickness [unpublished] based on equations developed in Gupta et al," Thinner boundary layer
anables faster replanishing of CO: during short {50 ma) pulse timas.

1C) I Bustration o f ocoupled transp ot and rea ction equillibria of key speces within the boundary layer
naar the electmde surace.

(D) weoqpeteri raen tall fara dic effi cency for pulsed: and constant-potential C0; reduction in thick and
thin boundany byyars feom Kimura ot al,* Pulsad: E = =12V, E, = +0L &Y wersus RHE,§, =t = S0 m=.
Statec: E = =12 V wersus RHE. Sterred at 1,000 rpm.

increase incument density (since faster mass transport of reactants to the surface re-
sults in faster reaction rates). However, & seen in Figure 30, in pulsed experiments
going from unstimed to stimed, methane selectivity increases. These discrepancies
mean that changes in mass transport conditions alone are unable to explain the
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observed trends in product selectivity under short pulse conditions. The interdepen-
dent effects of themodynamics, kinetics, and mass transport make it impossible to
definitively nule out any one process, but based on the discussion above, we suggest
that improvements in mass transport are not a major contributor to the trends
observed during millisecond pulse conditions.

Switching gears badk to longer pulse profiles, another recent study investigating the e
fects of puksing on OOz concentration at the sursce by Bul et al., modeled the effects of
pH and CO; concentration onthe kinetics for forming indiidusl product sfor pulse times
ranging from 5 to 20s.% Similar to previous studies, they too found that enhanced CO2
concentration at the surface is not solely responsible for enhanced C;, produd selec
tivity under pulsed conditions. Instead, they found enhanced C;, product selectivity is
due to a combination of factors driven by repeatedly soressing a transient state of
high pH, Ci01; concentration, and overpatential during p-eCOR.

From these studies we observe that pulsing can affect the COy; concentration at the
surface depending on the pulse duration and boundary layer thickness, but that 003
concentration alone isnot enough to explain the trends observed under p-eCOsR.

Surface adsorbate coversge and dynamies

Maoving from mass transport through the boundary layer to the adsorbates on the
surface of the electrode, an abrupt switching of the applied potential can signifi-
cantly reamange the EDL and the interfacial adsorbate coverage. Since charged spe-
cies respond to variations in electrode polarity, esch pulse k& expected to modulate
the cowerage of ions, including H*H; 0", OH™, electrolyte jons, and also oritical re-
action intemmediates {like *C0-CO and *C0O-CHO) due to their lerge dipole mo-
ments™ {Figure 4).
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CO reduction {COR) experiments provide important insight into the reaction mech-
aniam as well as specific insight into the mole of surface-adsorbed species. The
observed COR product enhancements and HER suppression reported by Strain
et al. under pulsed conditions were attributed to dynamic interfacial chemistry. Spe-
cifically, they argued that the non-faradic current during the charging/discharging
{regime |, Figure 1C) dominates short pulsesin the millisecond regime, which mod-
ifies the binding energy and species adsorption, acting to inhibit HER. ™" Similarly,
Ardn-Ais et 2l. noted that the positive polarization of the electrode during pulsing
lowers the surface hydmgen coverage, and thathigher O, coverage is expected
with increasing E,.™ In one set of experiments, they observed improved ethanol
selectivity when E, = 0 V versus RHE, where minimal Cu* coverage was measured
and only minor surface rearangement was observed. They attributed this selectivity
observation to higher OH,, coverage as 2 result of the anodic pulse ™

There is an emerging consensus that the dynamic surface coverages of hydrogen
{Hacs) @nd hydroside f0H,qd.) play a critical role in the p-eC0:R mechanism. Shiratsu-
chi et al. in 1996 pointed out the importance of local proton coneentration, ascribing
selectivity differences tothe extent ofsurface coverage of adsorbed hydrogen whidh
can be controlled by the anodic bizs. * When the anodic potential was more nega-
tive than —0.4 V versus AgfgCl, the increase in local proton concentration at the
surface resulted inthe formation of CHs, CaHa, and CaHsOH, while when the poten-
tial was less negative, desorption of adsorbed hydrogen occurred resulting in praf-
erential production of less protonated products fiLe., CO and HCOOH). ™ Le Duff
etal. proposed that the shift toward the produdion of eygenated hydrocarbons un-
der pulsed conditions occurs as a result of decreased Hz availability and increased
OH,4, surface coverage during p-eC0,R.* DFT caloulations support this interpreta-
tion, finding that the presence of hydroxides on copper surfaces lowers the binding
energy of CO while ako stabilizing the OCCO intemmediate through dipole interac-
tions, thereby lowering the activation bamier for the OO dimerization step.'™

Time-resohed vibra tional spectroscopy provides helpful clues to better understand
the dynamic suface coverage of reaction intermediates. In a surface-enhanced
infrared absorption spectroscopy (SEIRAS) study tracking CO,., and CO o, Spe-
cies over time asa fundion of potential, Chou etal found that OOy formation on
copper is a dynamic adsorption process. '™ Their data suggested that 0Oy, .y, can
be removed from the copper surface during the copper oxidation. Similarly, Guna-
thunge et al. found that CO\,, converts to an irreversibly adsorbed, inactive CO-
bricge SPEcies during cathodic polarization in alkaline conditions when the total CO
coverage is lowered below the saturation coverage, and that this species can only
be removed by oxddizing the copper.'™ A study by ljima et al. found that the pres-
ence of adsorbed hydroxides promotes CO adsorption and prevents the eventual
deactivation by imeversibly bound COyiuge Species through a near neighbor
coupling efect. '™

Kimura et al. postulated that the anodic pulse displacedH g, ™ and promoted OHa
famation ** This OH, . adsorption promates the CO,.., binding while preventing
the CO, ., from transfoming into the inactive COy.,. species.'™ CO adsarption
competes with H adsorption,’™ so the enhanced presence of bound CO signifi-
cantly suppresses HER. '™ Kim et al. akosuggests that pulsing enhances the surface
concentrations of adsorbed OO versus H, which results in increased Ca. selectivity
and HER suppression.™ Variations in surface coverage are an important consider-
ation because deviations from the themmodynamic coverage of different intermedi-
ates could drastically change product selectivity and reactivity. In the work by Lim
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et al. 5! a potential step treatment jup to —1.2 V versus Ag/AgCl) applied every two
hours improved CO formation at the expense of methane. They proposed that there
aremultiple steady states for surface covera ge (enabled by competitive adsorption
between H and CO) that they could switch between. Collectively, these studies add
to the growing body of evidence that the product selectivity of p-eCO4R results from
amechanism based on the concerted interplay between dynamic changes insurface
adsorbates, improved CO;z transport {vide supra), and changes in catalyst composi-
tion and structure {vide infra).

Copper oxide formation

A Pourbabx diagram provides a useful description for the dynamic changes in the
electrode composition (Le., oxidation state, see Figure 5."7 Depending on the
combination of applied potential and pH, copper can exist in a variety of axid ation
states. The Pourbaix diagram describes the phase at equilibrium. However, since the
peCO:R involves a choreography of several non-equilibrium processes, the key
question is how the kinetics of the comversion between these equilibria compares
to the kinetics (i.e., pulse profile) of the applied pulse.

{The first pulsing studies on copper hypothesized that pulsing created different sur-
face cond itions compared with constant-potential reduction. The proposed mecha-
nism was that during the anodic pulse the surface is oxidized to CuyO which favors
intermediate adsorption; these findings were comoborated with ex situ XPS and
XRD. % Insights from in situstudies of the time-resohved electrode composition,
especially in the case of oxde-derved copper {0 D-Cu) can provide important clues
to understand the related mechaniam in p-eC0:R considering the hypothesized
copper oxide formation and subsequent redudtion.

While e 00 ;R s carried out at strongly cathodic potentizk, some researchers sug-
gested and observed Oy andfor Cu* spedes to persist at the surface/subsurface
during the eC0:R on puked copper and OD-Cu catalysts 31795115 However, these
findings are subjed to an ongoing debate with several computational and experi-
mental studies which showed that the presence of oxygen species is highly unlikely
and that copperis fully reduced prior to CO; reduction, identifying Cu® as the active
spedes 2054 I0LI04TIS128 € pe ral growps have suggested obsenations of resid-
ual oxygen are due to the copper oxidation in air during sample transfer, compli-
cating the experimental analysis of the Cu cxidation state.”'®'*"** Chang et al.
showed that Cu® can spontane ously reosdidize to Cu* in aquecus electrolyte (verified
using in situ Raman spectroscopy and in situ XAS), and showed that this reaction
ocaumed simultanecusly with the eCOR.® Similardy, in situ GIXAS and GIXRD
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data from Lee et al. showed that after releasing the applied potential, Cuy0 was de-
tected in the bulk within 5 min, demonstrating that metallic copper can easily reox
idize at the OCP even without exposure to ambient conditions. ™ These findings
highlight the ease of copper oxidation when extracting the sample for ex situ char-
acterization or when removing the applied potential. Since there is no guarantee
that the copper oxidation states reported in ex situ characterization studies or in
characterization studies that are not conducted under relevant operating conditions
actually exist during reaction, we caution the reader against drawing definitive con-
clusions from ex situfindings. Monetheless, even with the in sitwvacuum-transfer in-
vestigations of OD-Cu and pulsed copper, observations of Cu* have been repored
throughout electrolysis. "' These diverging observations of the heavily debated
topic of copper axidation further emphasize the importance and need for using op-
erando techniques to explore the catalyst surface during reaction for real-time
insight into what the catalyst looks like under operating conditions.

Beyond the open question regarding the presence of Cu® sites during eCO:R, ™"
there are akso ongoing debates conceming the mechanistic role of Cu* toenhancing
catalytic activity and reaction selectivity with proposed effects ranging from
increased ECSA to stronger binding sites or increased occurence of grain bound-
aries and other defects ® It has been suggested that copper oxide formation results
in surfaces with a high density of grain boundaries,' ™ where the density of grain
boundaries has been directly comelated to enhanced CO reduction activity and
selectivity.*' Contrarily, other studies postulate that it is instead an effect of
increased ECSA, which increases geometric reaction rates and creates a higher local
pH environment thereby favoring Cz. products.’ * Other studies argue that beyond
increased grain boundaries and roughness, OD-Cu electrodes experience stronger
intrinsic CObinding. An in situ ATR-SEIRAS study by Lee et al. showed that CO binds
maore strongly on the surface of copper axides than on pure copper.’** Inoreased CO
binding and coverage comelates to the increased C; product formation, since the
formation rates of the Ca, products have a second-order dependence on C0h
coverage. > A DFT study by Liu et al. showed that the presence of subsurface
oygen on disordered OD-Cu increases the maximum adsoqption coverage of
€0,"* and further, it has been suggested that copper oxides favor C; formation
by preventing the adsorbed CO from being protonated ™ However, a study by
Ren et al. found that they could achieve 40% methane seledivity on a CuQ-film, chal-
lenging claims that the presence of copper oxide spedes is the most crudal factor in
determining selectivity between C; and Cp, products. ' We note that there remain
outstanding questions with regards to the presence of Cu* in the bulk versus onthe
electrocatalytica lly active surface. Further complicating our understanding of the ef-
fects of Cu*, is a study by Chen et al. that used in situ SERS to show an inverse cor-
relation between the presence of a CuzO layer and OO and Cz production, suggest-
ing that removing CuyO results in more active Cu sties for CO adsorption. ' Other
models have found that it is actually the combination of Cu” and Cu” sites that en-
hances C;, produdtion. Some models have demonstrated that C-C coupling is
faworable on surfaces with a mixof Cu” and Cu* surface sites, "™ while others suggest
that the interatomic bond distance between the Cu atoms on Cuy0 surfaces is too
large for C-C coupling to be likely.*® We do nat try to establish the basis of OD-
Cu activity here, rather we aim to present relevant information that supplements
our understanding of how the pulke mechaniam operates. Pule studies will likely
not be able to settle these debates outright. Instead, pulking provides an opportu-
nity to colled complementary data for the observation and effects of oxides because
while the presence of copper oxides on OD-Cu and the role of Cu* under potentio-
static eC0;Ris not agreed upon, p-eCO; Roften invalves anodic potentials for which
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the formation of oxide species is thermodynamically expected. How rapidly these
oxides form relative to the puked applied potential remains an outstanding ques-
tion that will hopefully be resolved by future in situ and operand o experiments.

A recent p-eCOsR study by Ardn-Ais et al. used vacuum-transfer Auger electron
spectroscopy to examine the nature of Cu during the p-eCOR reaction. > Their ex-
periments focused on pulsing on single orystal Cu{100) Ec = -1V, 0 <E, <08V
wersus RHE, t,= t_= 1s], where they uncoverad that Cu* sites form during the anodic
puke proportional to E, and that these sites persist during the cathodic pule **
When E, = 0.4 V, they measured 14% of surface spedes to be CuyD, and 4% re-
mained during cathodic pulse at — 1V versus RHE. When testing a Cu{100) electrode
with the same defect density but different Cu* content, Ardn-Als observed higher
ethanal selectivity when the cathodic time was shorter, meaning there was more
Cu* remaining on the surface. > They observed a clear increase in the ethanolselec
tivity when Cu? and Cu* coesisted. This obszervation supports the hypothesis that the
concurrence of Cu* and Cu” species enhances the CO dimerization. ™" Like Arsn-
Ais, Lin et al, highlights the importance of Cu* spedes in the ethanol formation,
demonstrating that 2 pulsed-potential program (B, =05V, -115<E < -07 V
wversus RHE, t,= t_ = 105) can maintain the existence of Cu* species throughout elec-
trolysis using operande time-resolved XAS *° Their DFT studies also suggested that
the co-existence of Cu* and Cu” sites encourages C product formation through a
carbony stabilzation mechanism. Operando SERS data by Jeon et al ako imply
that Cu* and Cu® sites coexist on the catalyst surface during pulsed electrolysis. ™
DFT studies by De Luna et al. suggest that Cu* plays a crudal role in ghifting the
product distribution toward Cp products rather than C,, in line with their experi-
mental observations using in situ XAS. "8 The co-esistence of these copper sites is
suggested to enhance CO dimerization because of differences in the CO binding.
Chou et al. observed that O, forms on Cu*, while 00y, foms on Cu, and
when both Cu* and Cu? were pbserved, they measured an enhancement in ethylene
selectivity. "™ A recent study by Tang et al. offers some additional insight into dis-
crepancies observed around the effects of Cu* and which C; productitenhances 7
Conducting temperaturecontrolled experiments between 5C-25°C, Tang et al.
found that ethylene is favored at higher temperatures, while ethanol is favored at
lower temperatures. These observations coincided with observations of a largerays-
tem RC time constant with decreased temperature, where the response time is the
tinne in which the initizl shamp current spike decays to a stable curent after a potential
step. Using CV scans and XRD to rule out changes in roughness and faceting, they
interpret these results as lower temperatures effectively stabilizing Cu* spedes [by
slowing the reduction kinetics of Cu* 1o Cu) during the cathodic pulse which en-
hances ethanol selectivity.

Whether the Cu electrode oxidizes during the peCO4R at faster (iLe., sub-second)
pulses was until recently unknown. An in situ XAS study by Kimura et al., found
that with 50 ms pulses on polycrystalline copper, the oxidation limit can be momen-
tarily surpassed. Even though the eledrode exists above the oxidation potential
whene CuyO can themodynamically form, oxidation is kinetically limited such that
only Cu entists throughout the 100 ms period (E, = 0.6 WV, E. = —1.0 ¥ versus
RHE).** In addition to avoiding copper oxidation by using millisecond pulses, cop-
per axddation can also be avoided during longer pulses by dhoosing a less anodic
upper potential. In experiments with longer pulse durations (560 =) where the
anodic pulse potential is far below the equilibrium oxidation limit {E, = —0.8V versus
RHE), enhanced selectivity toward COzR i still observed even though no oxides
form.* Taken together, these results imply that while Cu® sites play 2 role in longer
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pulse programs with sufficiently anodic upper potentials, it does not explain the p-
eC 0 ;R behavior at shorter pulses orwhen the upper potential is below the oxid ation
potential.

Restructuring (faceting, defects) and roughening of catalyst surface

I addition to the question of the catalyst cxidation state, dynamicchanges thatcan
cause the electrode to restructure are also possible during peCOsR. The question s
again how fast the electrode structure may change inresponse to the applied poten-
tial and dchanging suface adsorbates. Our discussion of the electrode structure
below focuses on both microsmpic roughening as well as specific crystallographic
faceting fand reconstruction]. A voltammetric analysis camied outon a single crystal
Cu{111) surface by scanning between 0 and —0.6, —0.8, and —1.2 ¥ versus SHE
clearly showed that the surface state of the catalyst can be modulated by tuning
the applied potential limits. " A recent in sity electrochemical atomic force micro-
scopy study by Simon et al. tracked nanoscale morphological changes of the Cu{100)
surface under relevant cathodic potentials, observing the surface dhanging from
granular {OCV] into smooth curved mound-pit features (—0.5 W versus RHE) orstruc-
tures with rectangular temaces (— 1V versus RHE). " Based on the results by Simon
etal., morphological restructuring is clearly significant when the pulse time is greater
than 1=

Anodic treatments can cause surface roughening 157472 In CO reduction experi-
ments, Wang et al. correlated an increase in copper cata lyst roughness factorto an
increase in the production of Cp, oxygenates. '™ They demonstrated selectivity im-
provements were due to the high roughness factor electrodes suppressing the
intrinsic activity for HER, rather than promating CO reduction. In CO; reduction ex
perments, roughening is suggested to inorease local curent density (because of an
increase in ECSA), which consequentially incresses the local pH, thereby favoring C;
formation.” ' However, in the work by Jiang et al., the observed enhancements dur-
ing potentiostatic reduction after potential cyding their polyerystalline Cu foil could
not be attributed to an increase in interfacial pH alone.™ Instead, the intinsic Cy,
activity of the catalyst was changing, pointing to possible differences in faceting in
addition to increased roughness. On the contrary, recent pulsing studies using short
pubses{z 15" or less anodic upper potentials (- 0.8V versus RHE)" “have found
no noticeable change in BCSA(a roughness indicator). This suggests that changes in
roughness depend on the condition of cycling and that under milder pulse condi-
tions, roughness cannot explain the selectivity differences obaenved.

The restructuring mechanism of polycrystalline copper during potentiostatic e COLR
was proposed by Kim et al., suggesting first the transformation to Cu{111), which
takes 30-60 min, followed by a subsequent conversion to Cu (100)**"** This pro-
cess is independent of pH or electrolyte composition and is driven by the cathodic
potential "“*Work by Lee et al. slkoobserved polycrystaline copper transformingto
Cu{100), and they noted that this transformation became more pronounced with
increasingly negative potential, suggesting that CO is a key factor in promating
this reconstruction.> Interestingly, single crystal Cu{111) and Cu{100) catalysts do
not undergo this reconstruction under relevant reduction potentials and the reason
for non-reconstruction is not understood. ™ * Cufl 1) and Cu{100) are suggested to
favor methane and ethylene, respectively, *5 and a recent study combining cyclic
voltammetry and laser-induced tempearature jump methods found that Cu{111) and
Cu{100) exhibit different pec values as well as different shifts in OH, 4, voltammetric
features. '** Because faceting influences product selectivity and charge distribution
at the interface, it i an important mechaniem to consider when evaluating pulse
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methods. However, multi-hour pulsing experiments on polyoystalline copper and
deamxidized high phosphorous copper did not show a shift in product selectivity
that is consistent with the proposed transformation mechanism, i.e., from methane
{Cul111)) to ethylene (Cu{100)). 3245 Thus, the simple {111}to-{100) reconstruction
mechanism cannot yet explain the observed selectivity trends in p-eCO:zR.

Potentia bdependent changes in surface faceting are an important consideration as
the formation of ethylene is favored on Cu{100) and methane on Cufl11) in both
aqueows H-cell and gas-fed flow cells.*"*% A recent study using ICP-MS to track
the copper dissolution as a function of potential and pH during reductivefoxidative
CV scans found that copper dissolution led to crystal facet modifications, and that
dissolution can be avoided by staying within pH 9-10 and not exceeding the u’s
Cu* potential. " Ardn-Als et al. observed that pulsing creates {100) cubic islands,
and that these islands are still observed after an hour of constant-potential reduc
fion. Only when E, is > 0.8V versus RHE do the wellordered domains deteriorate **
If changes in surface faceting were the dominant factor governing selectivity differ-
ences in peCOuR, then electrodes with identical facets should exhibit the same
selactivity whether or not a pulsed potential is applied. However, the experiments
described by Ardn-Als et al. showed that testing 2 single crystal Cu{100) electrode
led to 32% ethanol selectivity under pulsed conditions [E. = —1V, E, = 0.8 V versus
RHE, to= t-= 1 5) and only 8% ethanol selectivity under potentiostatic (—1 W versus
RHE) conditions; these results thus indicate that faceting is not a dominant factor
for ethanol selectivity under pulsed conditions. ™

Aszide from crystallographic faceting, the grain size and grain boundary density on
the eledrode suface play an important role in electrocatalytic processes. It has
been suggested that instead of orystal faceting, itis the crystal fragment ation caused
by reductionfoxidation cycles that creates grain boundaries and an increased num-
berof stepsfedges that changes product selectivity. '™ %1% The resulting complex
grain boundarynetwork fadlitates the CO binding and increases the chances forthe
adjacent OO0, intermediates to couple while simulttanecusly suppressing HER.'**
The extent of the fragmentation depends on the negative potential applied and
the time spent at that potential.'*? A longterm study by Engelbredht et al,
observed differences in surface morphology after pulsing and found that grain reor-
ganization becomes more significant as the anodic potential becomes more posi-
five. ™ A recent study by Jeon et al. testing the application of highly cddative pulse
potentizls (0.6 to 1.2V versus RHE) on a Cu NC catalyst found that product selectivity
during p-eCOsR when E, < 0.9 V versus RHE was maintzined even after switching to
potentiostatic conditions.™ Therefore, they suggested that pulsing resulted in irre-
wersible changes in the catalyst morphology, and that the enhanced C; selectivity
can be attributed to the creation of a defective surface with large grain boundaries.
Defects can be quantified using CV scans to monitor changes in defect charge. ™"
Ardn-Ais et al. applied this approach and found that defects created during pulsing
do mot disappear during constant-potential reduction.®® Additionally, they
observed no change in ECSA between electropolished and puked electrodes.
Teating their Cu{100) electrode, the defect density was confimed tobe the same at-
ter pulsed (.= —1V, E, = 0.6V versus RHE, t_=t, = 1 5) and constant {—1 ¥ versus
RHE) reduction. Despite no difference in defect density, they observed significant
changes in the HER and ethanol selectivity. In & similer experiment tradking changes
in product selectivity on a predominately {(100)-textured Cu foil during pulsing over a
& hour experiment by Tang et al., they observed increased Tz product form ation dur-
ing peCO:R despite mo changes in roughness or faceting.”™ Rather they
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hypothesized that the continuous oxidation and reduction of the electrode under
pulsed conditions created an active surface promoting CO,,, and enhancing C-C
coupling. This hypothesis is supported by their caloulations of 2 lower activation en-
ergy {using Amhenius tem perature dependence studies) for ethylene formation un-
der pulked conditions than understatic conditions.

Imsummary, the studies described in this section illustrate that the electrode compo-
sition and structure can change during the applied pulke depending on the pule
duration and applied verex potential. While more positive anodic potentiaks lead
to more significant restructuring, these transformations may be kinetically avoided
with short (millisecond) pulses. Moreover, further studies are required to delineate
the interplay between and relative contributions of dynamic changes in adsorbate
coverage and catalyst structure and composition.

Mechanism summary and emerging guidelines for future advances in pelO.R
The mechanistic basis for product selectivity in p-eCOsR involves a comples and dy-
namic interplay between several processes on both sides of the solidfelectrolyte
interface. Whereas this review and analysis cannot point toward a singular mecha-
nism, we provide & general scheme for using pulsing 252 “knob™ to tune selectivity
toward a given produd.

For example, based on the information above, we outline & general scheme for Ca.
produc formation. Taking everything we have leamed about pulse duration, pulse
potentizl, mass transfer, copper adidation, surface adsorption/desomption, and sur-
face reconstruction, we can point to spedfic reaction conditions that enhance C,
product formation during p-eCO:R. For one, we would need to optimize the pulse
duration so that itis long enough to enterinto Regime || to avoid non-faradic cument
domination, which leads toincreased hydrogen evolution,” but not too long sothat
we can take advantage of the transient high pH and high CO: concentration
following a potential step.™ We would also want to pulse on a copper catalyst
with {100) facets to an anodic potential that i positive encugh to regenerate Cu*
{moting that we can affect whether ethylene or ethanol is formed by varying temper
ature),**" but nat soanadic that we lose significant amounts of the catalyst tocomo-
sion™ or form OH-poor environments that favor methane over C; products.”® And
from preliminary p-eC0R experiments in different electrolytes, we would want to
pulse in electrolytes that have a small cation hydration adius such s Cs*, as
well 23 in an electrolyte environment with a low availability of proton donors and
increased presence of h;;«:ln:m’rl:l.a.‘5 Im this way, we can begin to take advantage
of all of the different mechaniams and insights outlined above to aptimize for a given
Cza product. More generally, there are several emergingtrends that are summarized
below.

As one of the key experiment 2l parameters, tem poral adjustment of the pulse profile
can provide control over distinct kinetic processes. Very short pulse times (millisec
onds) provide control over the capacitive charging and elect ro-adsorption/desomp-
tion. This dynamic interfacial environment contributes significantly to the p-eCO:R.
The anodic pulse, for example, could desorb hydrogen species and adsorb hydros-
ides, effectively varying the ratio of adsorbed OO to Hon the electrode surface to
impact the reaction selectivity. At longer pulse times, on the order of seconds, sur-
face roughening and morphological changes emernge, as well as the possible forma-
tion of persistent axides on the surface. Additionally, 00z can be replenished st the
surface during the “off” period. As the anodic treatment i extended to periods of
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every few hours, the benefit includes restaring the electrode to its original catalytic
activity by disposing the surface of contaminations.

The applied potential & the second key expermental parameter in p-eCO.R. The
upper pulse potential determines whether or not the catalyst oxidizes. This knob
provides access to the Cu* formation that can potentially be used to control selec
tivity. For upper pulse potentiak below the Cu® formation, the selectivity impact is
due to changes in the species in the EDL. Forupper pulse potentials above the mop-
per oxide formation, surface restructuring and changes in surface morphology can
ocourover repetitive potential cycling. However, these transformations can be kinet-
ically avoided through judidous choice of a fast {Le., milisecond) pulse profile. One
thus cannot treat themnodynamic and kinetic aspects as distinct parameters at the
pulsed solidfelectralyte interface. While this highlights the numerous outstanding
questions and challenges that remain to be resolved to bring the prospect of
pulse-controlled produdt selectivity to full fruition, in cur opinion, it also provides
an opportunity to fine-tune the interfacial conditions to ensble seledive formation

of high-value products.

OUTSTANDING QUESTIONS AND FUTURE OF PULSING

Pulsing is & versatile and powerful tool in &CO3R even though the underlying dy-
namic physicochemical processes at the solidfelectrolyte interfaces are not yet fully
understood. Recent years have bome witness to rapid advances in our initial under-
standing and various hypothesized mechanisma and future integration of in situ
time-resolved studies hold significant potential to answer outstanding mechanistic
questions. The revival of pulsed eledrodhemistry can leverage concument advances
in catalyst and electrolyte system design to improve our fundamental understand-
ing. Moreover, p-eC0:R provides a promising technology platform for scalable
deployment by virtue of its robust performance and facile adaptation to existing
electrolyzer systems.

While traditional methods of product detection §GC, NMR, and LCMS) are useful to
obsene system performance, they ladk the ability to give instantaneous information
about the direct result of different pule profiles. Techniques like DEMS™** and
OLEMS™ are useful for characterizing the product profile within seconds, which can
provide insight into reaction kinetics and eCOuR intermediates, as well a3 enabling faster
exploation of the pulse parameter space. Many ex situ surface charadterization ted
nigues have also been employed to study the catalst surfsce before and after pulsing
including ¥PS, XRD, AFM, TEM, and SEM 4554 AR50, however, as we previ-
ously mentioned, these ex situ methods do not necessarily represent the true surface
conditions during resction. Advances in operando characterization tools have and wil
continue to play a oitical enabling role in exploring the scientific questions discussed
above. "% n sitwbperando techniques are paramount to understanding the catalyst
surface at eadh point in time under relevant reaction condiions.’™ As we look back on
the pulsing studies included here, just recently have operando techniques been em-
ployed to characterize the interface fto obsene catalyst chemical state and surface-ad-
sorbed spedes) during reaction including in sitwoperando XAS, "% quasi in situ
XPS,* insitwbperando Raman spectroscopy, ™ and in situ EQCM.*" These character-
ization methods require highly specialized cell configurations, which makes the use of
them nontrivial. As we have explained in previous sections, the 0, intermediate is
suggested to be a key piece of the pulsing mechanism based on hypoth eses and simpli-
fied theoretical caloulations and studying the CO,,, spedes using an operando tedr
nigue like in situ SEIRAS would provide valuable insight for understanding the role of
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adsorbed CO and its dynamics during p-eC0uR There is a large need for using time-
resolved operando studies to provide direct “real-time” insight into the dynamic pro-
cesses taking place during pulsing.

We ako motivate future theoretical works to model trends under pulsed potential
conditions. While conventional tools focus on spedes themmodynamics, tools that
include kinetic information will become increasingly important to understand the
pulse mechanism in order to identify the "fist-respondes™ to changes in potential.
Further, it would be useful to have microkinetic models looking at how the enengy
landscape changes with the rapidly changing conditions used in p-eCOsR.

Comprehensive and detailed documentation of all experimental detailsis critical for
the community to reach consensus and build understanding, aswell as forenabling
emerging approaches with machine leaming analysis of experimenta| systems. As
we advance our knowledge of the pulsing medhanism, it has become clear that
certain parameters, such as system response time, which may havwe been overlocked
in the past, are becoming increasingly imporant when optimizing the pulse
duration.

Another challenge is the definition of success: what is the optimal way to represent selac-
tivity, activity, and enengy efficiency? Conventionally, one would analyze the cument
response to determine the number of e lectrons input into the system, and then quantify
the products to detemine the number of electrons directed toward each produd to
determine the faradic effidency. In this way, it is possible that the total faradic efficiency
does notsum to 100% if some of the products are unaccounted for for example, if one
only quantified gaseous produdts) orifthene was a leak in the system and producs were
lost before they could be measured. However, in pulse studies, it is also common for
product selectivity to be reported as a nomalized effidency where instead of analyzing
the change input into the system using the measured current, one would sssume that sll
of the products are completely accounted for, and so the total number of electrons put
into the system is the number of eledrons needed tomake all of the products detected.
I this way, the caloulated product effidend es will abways sum to 100%. While the faradic
efficiencyis a truer selecivity calculation than a normalized efficiency because it confirma
that all products are being detected, it is not trivia to extract the faradic cument from
short pulse profiles with large charging cument contributions. The total cument profile
is the sum of the non-laradic cument, faradic currents from CO2R and HER, and cuments
from copper oxidation and reduction, all of which depend on the applied potential
Since the underbing faradic cument is not likely to be constant over time, it is dificult
to accurately quantify. In terms of activity, cument density is an important metric because
it enables 2 comparison between different catalysts. '™ However, this activity data can
only be understood if the ECSAof the elecrode is reported so that it can be determined
whether the improved activity is from higher tumover or rather just from an incressed
number of active sitesfinterfacial areas. ™' Additionally, activity at high cverpotentials
is strangly influenced by concentration polarization meaning itis not an indicator of its
true intrinsic activity under bulk conditions 5 Therefore, it has been strongly recom-
mended thatintrins ic act ity and selectivity condusionabe drawn from esxperim ents car-
ried out under conditions where the system is not mass transport limited. S With this in
mind, it is paramount moving forward that esperimental conditions are fully doou-
mented 5o that data can be interpreted as acourately a5 possible.

Beyond fundamental understandings, peCO:R iz a simple way to incease the

experimental degrees of freedom. This additional control creates opportunities to
modulate selecivity and improve catalyst lifetime in the eCOR. In our opinion,
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there are plenty of opportunities to further explore and optimize the pulsing
method. Some of these opportunities indude pulsing on different metals. Initial
tests on Ag, Pd, and Pbindicate that pulking could be applied to catalysts beyond
Cu, as well as on bimetallic catalyst materials. Through pulsing on different crystal
facets, we can understand the morphological effects of pulsing, and through pulsing
in different chemical environments, we can better understand how pulsing affects
local adsorbates. There is also room for modeling and machine leaming, for
example, to run through a series of different pulse profiles to detemmine the opti-
mum performance conditions. Finally, there i slo a widely unexplored space for
applying pulsing to GDE-based flow cell systems to gain additional perfformance
by taking adwantage of the faster reactant diffusion. To our knowledge, there are
only three published studies evaluating pulsed electrolysis on GDEs under high cur-
rent density conditions.**5%™ Whether the current knowledge and puksing trends in
afjuecis environments can transfer directly to GDE configurations has just begunto
be explored and is relatively unknown, and this is because quite a few things are
different in these high-surface area high-current density devices: (1) the elecrolyte
flowes through the cell which could possibly flush away dissolved copperions before
they are precipitated onto the surface as has been observed undersome pulse con-
ditions,”" () there is now a three-phase heterogeneous reaction interface with high
cuments creating a very different reaction emvironment than when planar electrodes
are used specifically changing pH conditions, whidh can introduce new complexities
at the surface such as OOy depletion, sak formation, ™ OH-poor environments,”*
etc],'™ and (3 the larger electrode areas and higher ohmic losses can drastically
change the system response time to an applied potential. We believe that address-
ing these challenges can incresse eCO:R% commercial visbility in addition to
advancing our understanding of the interplay of kinetics and transport in electro-
chemical systems to contribute to our understanding of electrochemical devices in
general.

CONCLUSIONS

In conclusion, we provide a summary of recent advances in p-eCO,R with a focus on
the complex interplay of dynamic processes at the solidfelectrolyte interface. Cur
review/perspecive highlights the cument knowledge gaps, inconsistencies, oppor-
tunities, and inspirations for future studies. We believe that add ressing some of the
highlighted questions can bring the broad potential of this promising approadh to
full fruition. We an alyzed a wide variety of examples to undescore p-eCO R as 2 use-
ful, versatile, and robust method to modify the performance of eC04R since it cre-
ates microenvironments that are unachievable under potentiostatic conditions.
Because of the varying timescales of the dynamic processes (diffusion, adsorption/
desorption, reaction) happening at the elecrode interface, modulating the poten-
tial at regular intervals will have significant disruptive effects, thereby influencing
the reaction emvironment and reaction kinetics.

The interest in p-eC0uR is driven by its ability to improve readion selectivity. How-
ever, as we have discussed, the pulsing mechanism is quite complex as there are
multiple processes occurring at the same time: (1) dhanging local concentrations
of reactants, products, intermediates, and spedators in the EDL, 2) restructuring
of facets including oxdide forma tion, and (3) dynamic changes ininterfacial chemistry,
in particular, the surface adsorbates. The extent to which these processes dominate
is based on the specific applied pulse program—an opportunity for future works to
identify. As Oy utilization becomes more critical to address the rising CO levels,
significant efforts will need to be put in place to continue pushing forward our
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knowledge of pulse methods so that we can apply them optimally to achieve high-
effidency T valorization systems.
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