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Electrochemical energy conversion and storage are central to developing future renewable energy systems. For
efficient energy utilization, both the performance and stability of electrochemical systems should be optimized in terms of the
electrochemical interface. To achieve this goal, it is imperative to understand how a tailored electrode structure and electrolyte
speciation can modify the electrochemical interface structure to improve its properties. However, most approaches describe the
electrochemical interface in a static or frozen state. Although a simple static model has long been adopted to describe the
electrochemical interface, atomic and molecular level pictures of the interface structure should be represented more dynamically to
understand the key interactions. From this perspective, we highlight the importance of understanding the dynamics within an
electrochemical interface in the process of designing highly functional and robust energy conversion and storage systems. For this
purpose, we explore three unique classes of dynamic electrochemical interfaces: self-healing, active-site-hosted, and redox-mediated
interfaces. These three cases of dynamic electrochemical interfaces focusing on active site regeneration collectively suggest that our
understanding of electrochemical systems should not be limited to static models but instead expanded toward dynamic ones with
close interactions between the electrode surface, dissolved active sites, soluble species, and reactants in the electrolyte. Only when we
begin to comprehend the fundamentals of these dynamics through operando analyses can electrochemical conversion and storage
systems be advanced to their full potential.

electrochemical interface, electrochemistry, energy conversion and storage, dynamics, reconstruction

In electrocatalysis, electrochemically active sites are
classically described as being in a frozen state (i.e., static
active sites), an idea that is now outdated because dynamic
phenomena have been observed in numerous systems,
including phase transition, dissolution, and deposition during
electrochemical reactions.> "> Moreover, active sites continu-
ously change because of vigorous interactions between the
electrode and electrolyte. This highlights the importance of

Electrochemical reactions occur at the electrode—electrolyte
junctions, known as the electrochemical interface. Because
both charge transfer and various types of chemical interactions
are driven between the electrified electrode and electrolyte, the
properties of the electrochemical interface determine the
efficiency of electrochemical energy conversion and storage
systems.' Although significant advances in electrochemical
performance have been achieved through material design on
the electrode side, there is still a lack of both structural and July 4, 2022
dynamic information on atomic- and molecular-scale inter- September 22, 2022
actions between the solid electrode and liquid electrolyte.” September 23, 2022
Thus, improving our understanding of the electrochemical October §, 2022
interface is imperative for optimal electrochemical perform-

ance.
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Figure 1. Dynamic electrochemical interfaces during electrocatalysis (Rxn indicates where the catalytic reactions take place).

‘dynamic electrochemical interfaces’ as the focus of our
research because most studies have focused on either the
electrode itself or the electrolyte separately. Therefore, the
dynamic properties of electrochemical interfaces should be
further investigated to design functional interface structures
that can overcome the thermodynamic limitations of conven-
tional electrode materials for producing advanced electro-
chemical energy conversion and storage systems.

Herein, we discuss three dynamic interfacial phenomena in
electrocatalysis among various electrochemical environments
in energy conversion and storage systems, with a focus on the
regeneration of active sites by interaction between electrode
and electrolyte and their mechanisms and impacts on
applications (Figure 1). First, the self-healing concept allows
catalyst regeneration through the redeposition of dissolved
species, which enables stable oxygen evolution reactions.
Second, “active site”—"“stable host” pairs are covered as a new
type of dynamic electrochemical interface. Unlike self-healing,
active site regeneration in this dynamic interface requires a
specific host (different elements with active sites) with a high
affinity for the active sites. It can be extended to various
reactions with diverse combinations of active sites and hosts.
Finally, a redox mediator (or soluble catalyst) is discussed as
an effective electron—hole transfer agent between the electrode
and electrolyte to circumvent the limited number of active sites
between the electrode and the reactant.

The electrocatalytic activity and stability can offset each other
as a trade-off when the overall performance needs to be
optimized. The most representative example is the oxygen
evolution reaction (OER), where an inverse correlation is
demonstrated between activity and stability."* To leverage high
OER performance with long-term stability, electrochemical
systems can benchmark self-healing properties, which are
commonly observed in biological systems, including photo-
synthesis systems.'”'> By definition, a self-healing system
should recover from structural damage through a thermody-
namically favorable, spontaneous regeneration reaction.'®"” In
other words, the operating conditions of functional surfaces
should also promote the structural regeneration process
simultaneously. Because atomic dissolution is a major
degradation mechanism in the OER, the self-healing strategy
can effectively address OER stability problems by supplement-
ing the active site loss.'""’

The working potential should be matched between the OER
electrocatalysis and the electro (or chemical) deposition of
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active materials to fulfill the self-healing condition. The first
case of a self-healing OER catalyst was reported by Kanan et
al."! An inert conductive surface (e.g, FTO glass) is polarized
to the OER region in a Co*'-containing phosphate (Pi) buffer
solution, and an amorphous Co-based film (i.e, Co-based
oxygen-evolving catalyst, Co-OEC) is electrodeposited using
Pi after oxidation of Co®" to Co®". This unique potential
overlap between oxidative electrodeposition and OER electro-
catalysis satisfies the thermodynamic requirements for the self-
healing mechanism. A more detailed process for self-healing
Co-OEC was further investigated using isotope-labeled *’Co
because of its radioactive detectability (Figure 2a).” After the
S7Co-OEC film was electrodeposited, STCo*" was continuously
dissolved into the electrolyte under open-circuit conditions.
However, when the film was polarized to the OER region (i.e.,
1.3 V vs NHE), the ¥Co*" concentration in the electrolyte
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Figure 2. Self-healing Co-based oxygen-evolving catalyst (Co-OEC).
(a) Dissolution rate of isotope-labeled ’Co from Co-OEC catalyst
layer into electrolyte under open-circuit potential (red) or applied
potential (with on/off switching) of 1.3 V (vs NHE). Reproduced
from ref 5. Copyright 2009 American Chemical Society. (b)
Electrodeposition mechanism of self-healing Co-OEC with Pi.
Reproduced with permission from ref 21. Copyright 2017 National
Academy of Sciences. (c) Ranges of electrolyte pH for self-healing
mechanism, determined on the basis of Pourbaix diagrams of Co-
OEC catalyst deposition (black) and OER electrocatalysis (red).
Reproduced from ref 20. Copyright 2012 American Chemical Society.

https://doi.org/10.1021/jacsau.2c00385
JACS Au 2022, 2, 2222-2234


https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00385?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Table 1. Summary of Self-Healing Oxygen Evolution Catalysts

catalyst deposition

catalyst metal anion type pH potential (V vs NHE) self-healing condition ref
CoPi Co* (0.5 mM) phosphate 7.0 +13V pH > 52 11, 20
CoMePi Co** (>0.5 mM) methylphosphonate 8.0 +13V 23
CoBi Co** (0.5 mM) borate 9.2 +13V 23
MnMePi Mn** (0.5 mM) methylphosphonate/phospate 8.0 +0.54 V pH > —0.5 6
NiBi Ni** (1 mM) borate 9.2 +13V pH > 92 24
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Figure 3. Limitations of self-healing and self-repair modes on Co-OEC. (a) Summary of both Co content and OER activity changes in Co-OEC
under self-healing (Co-free electrolyte) and self-repair (Co-containing electrolyte) conditions. (b) Time-dependent OER turnover frequency
(TOF) of Co sites in Co-free (black, self-healing) and Co-containing (red and blue, self-repair) electrolytes. Reproduced from ref 25. Copyright
2020 American Chemical Society. (c) A broadened scope for understanding the behavior and stability of Co-OEC.

decreased because of Co-OEC deposition onto the original
film. This result indicates that the rate of Co-Pi assembly into
Co-OEC is much faster than that of Co** dissolution during
the OER. For Co-OEC electrodeposition, the Pi anion was
found to be a key proton-accepting, pH buffer anion. When
other nonbuffering anions (e.g, SO,*~, ClO,”, and NO;")
were used in the electrolytes, the deposited Co-OEC catalysts
degraded rapidly in the OER region because of severe Co
dissolution. However, the degraded catalysts were recovered
after Pi anions were added to the electrolyte, thereby
corroborating the requirement for buffering anions in the
self-healing catalyst mode. During the OER, water oxidation
discharges protons and decreases the local pH at the catalyst—
electrolyte interface, which can degrade metal hydr(oxy)oxide
active sites through chemical dissolution. Therefore, pH-
buffering species such as Pi can provide stable local pH
conditions on the catalyst surface by reacting as a base in place
of the Co-OEC catalyst and allowing stable OER electro-
catalysis.

The detailed mechanism of the self-healing mode in Co-
OEC was later investigated by Surendranath et al.”® and
Costentin et al.”’ They found that the electrodeposition rate of
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Co-OEC had first-order, inverse third-order, and inverse first/
second-order dependences on the ionic activities of Co**, HY,
and Pi, respectively.”” From these results, the self-healing
mechanism can be derived as shown in Figure 2b.*' First,
solvated [Co(H,0)4]** is deprotonated to [Co(OH)-
(H,0),]*. Simultaneously, the Co** site in Co-OEC is
oxidized to Co** through the proton-coupled electron transfer
(PCET) step, and the Pi anion dissociates from the oxidized
Co* site via deprotonation. Then, [Co(OH)(H,0),]* in the
electrolyte is oxidatively deposited onto the Pi-free Co*" site,
which results in the addition of Co* to the edge where Pi
dissociated. This inverse third-order dependence of protons on
the catalyst deposition rate uniquely imparts strong pH
dependency on the self-healing capability of the system. As
discussed above, the self-healing mode is viable only if the
catalyst self-assembly potential is lower than the OER
potential. Thus, considering that the OER rate is inversely
first-order dependent on the H' activity,”> the available pH
ranges for the self-healing mechanism can be plotted in the
Pourbaix diagram between Co-OEC deposition and OER
catalysis (Figure 2c). The Pourbaix diagram shows that the
self-healing mechanism is operative at pH > 6, where catalyst
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Figure 4. Active site—stable host interactions at the dynamic electrochemical interface. (a) Total amount of Fe (active sites) in electrode during
OER. (b) OER activity during chronoamperometry in Fe(aq) in electrolyte. (c) Scheme of active site and host interactions. Reproduced with

permission from ref 3. Copyright 2020 Nature Publishing Group.

corrosion is counterbalanced by much more favorable catalyst
deposition during the OER.

Beyond Co-OECs from Pi-based electrolytes, many efforts
have been made to expand the chemical inventory of self-
healing catalysts (Table 1). Inspired by the critical role of Pi in
the self-healing mechanism, other proton-accepting buffer
anions were also explored, including methylphosphate (MePi)
and borate (Bi).”® Similar to Pi anion, both MPi and Bi anions
enable the oxidative electrodeposition of amorphous Co-OEC
catalysts. Notably, both Co-OEC catalysts feature negligible
Co dissolution into the electrolyte within the OER potential
window, which corroborates the need for proton-accepting
anions as functional building blocks for self-healing OER
catalysts. The self-healing OER catalyst was extended to Ni-
and Mn-based active sites. Dinca et al. reported that Bi anions
could effectively assemble Ni into amorphous Ni-OEC
catalysts under oxidative polarization.”* Similar to Co-OEC,
Ni-OEC was only formed in the presence of proton-accepting
Bi anions in the electrolyte and showed relatively stable OER
electrocatalysis. In addition, Huynh et al. demonstrated that
MnO, catalyst deposited from Mn>*-containing MePi electro-
lyte also showed self-healing characteristics.” From different
levels of proton dependence between MnO,, electrodeposition
and OER kinetics, the MnO, -catalyst was functionally
stabilized through self-healing within the pH region where its
deposition potential was lower than the OER-operative
potential, similar to self-healing Co-OEC.

Although self-healing catalysts with continuous regeneration
appear to be ideal systems for sustainable OER electrocatalysis,
more detailed investigations are required to ensure the catalytic
efficacy of the regenerated catalyst sites. For this purpose,
Mohammadi et al. recently revisited the Co-OEC catalyst in a
Pi-based electrolyte to investigate the limitations of its self-
healing (in Co-free electrolyte) and self-repair (in Co-
containing electrolyte) mechanisms during long-term oper-
ation.”® Electrodeposited Co-OEC catalysts were systemati-
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cally exposed to chronoamperometry, and both Co-loss and
OER-deactivation were monitored (Figure 3a). For the self-
healing mode in Co*'-free electrolytes, Co dissolution was
confirmed to be mitigated between 1.1 and 1.3 V, which
corresponds to the self-healing regime in the previous study.’
Normalized OER current density also followed the same trend
as Co dissolution, which indicated both atomic dissolution (as
major OER degradation) and improved OER stability around
1.3 V by the self-healing mechanism. Nevertheless, the Co-
OEC still suffered significant Co dissolution and critical OER
deactivation at 1.3 V after 24 h (Figure 3a). Therefore, the self-
healing mode cannot completely secure the initial catalyst
activity during long-term OER. The self-repair mode was
tested in Co’'-containing electrolytes to overcome the
limitations of self-healing. The presence of Co’* in the
electrolyte increased the Co-OEC deposition rate to counter-
balance Co?* dissolution during OER electrocatalysis. There-
fore, the Co loss within the catalyst film was significantly
decreased and was no longer observed beyond the 3 uM Co**
mark. Nonetheless, the catalyst still suffered OER deactivation
despite the preserved Co amounts, which implies that the self-
repair mode played an incomplete role in OER activity
preservation. Stable OER activity was achieved only at high
Co** concentrations of 20 uM and above, where additional
Co-OEC films were continuously deposited (Figure 3a).
However, this led to a decrease in the OER turnover frequency
(TOFqggr) at each Co active site because the number of Co
sites increased, while the overall OER activity remained the
same. Indeed, when the time-dependent TOF gy of various Co
sites were compared, both Co*'-free and Co*'-containing
conditions showed relatively similar features of rapidly
decreasing TOFqgg (Figure 3b). Thus, it can be implied that
there is the same deactivation mechanism within the Co-OEC,
which cannot be resolved by either self-healing or self-repair
modes. On the basis of X-ray absorption spectroscopy analysis,
OER deactivation was attributed to structural ordering within

https://doi.org/10.1021/jacsau.2c00385
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Chemical Society.

the amorphous Co-OEC, regardless of the presence of Co’* in
the electrolyte. Consequently, both the self-healing and self-
repair mechanisms are highly beneficial for mitigating Co
dissolution in Co-OEC, but they cannot prevent the intrinsic
OER deactivation mechanism of structural ordering within the
amorphous Co-OEC film. This result demonstrates that the
suppression of Co dissolution is not sufficient for stable OER
activity because of catalyst self-deactivation and that additional
deposition of new Co-OEC layers is required for truly stable
long-term OER electrocatalysis (Figure 3c).

Previously, the active sites were considered to be fixed if the
loading mass or surface area of the catalyst was determined;
this was known as the so-called “frozen” surface. However, as
clearly validated, the number of active sites changes during the
reaction via vigorous dissolution and redeposition, which
indicates that the “frozen” surface concept can no longer be
applied to dynamic interfaces.'” As discussed in the previous
chapter, self-healing provides a unique opportunity to
regenerate active sites during electrochemical reactions.
While it opens a new direction to overcome thermodynamic
limitations on stability from a frozen surface to a dynamic
surface, it can be limited to certain conditions (or elements),
such as Co and Mn systems. If the active element cannot be
regenerated by itself, the self-healing concept is no longer
valid; therefore, an alternative strategy is required to regenerate
the active site. In this part, we focus on a recent strategy to
utilize active species by introducing stable host materials,
especially focusing on active species—host interactions.”"®
When OER catalysis on a metal hydroxide (M hydroxide)
surface was studied with a controlled (Fe-purified) electrolyte,’
the inverse correlation was identified between activity and
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stability as in the acid media.”*"** Ni hydroxide is both the
most stable (Ni hydroxide > Co hydroxide > Fe hydroxide)
and the least OER-active (Ni hydroxide < Co hydroxide < Fe
hydroxide) catalyst. In the case of Fe-incorporated metal
hydroxides, the activity and stability were highly affected by the
small amount of Fe(aq) in the electrolytes. When a 0.1 ppm
Fe(aq)-containing solution existed in the electrolyte, there was
no activity drop. However, a significant performance drop was
observed in the purified electrolytes. The puzzling behavior of
stability difference depending on the existence of Fe(aq) in the
electrolyte was demonstrated through isotope experiments.’
Starting with *°Fe in the electrode as Fe—Ni hydroxide and
’Fe in the electrolyte, the loss of **Fe (initially from the
electrode) and the gain of *’Fe (initially from the electrolyte)
at the electrode can be traced back to the dissolution and
deposition events occurring during the OER, respectively. The
overall Fe content in the electrode remained constant, thereby
preserving the total number of active sites made available
through Fe dissolution and redeposition at the interface during
the OER (Figure 4a,b): a concept which is similar to that of
self-healing. However, it differs from previously reported self-
healing in that Fe cannot regenerate itself into Fe hydroxide.
That is, to regenerate Fe active sites, a support on which Fe
can be electrochemically or chemically deposited is required,
and the degree of iron redeposition varies depending on the
support. With the introduction of a second element, Ni
hydroxide (NiM alloy hydroxide; M: Cu, Co, Mn), the OER
activity is significantly affected, and the trend is followed by the
stabilization of Fe in the host materials during the OER.” This
observation strongly supports the idea that the interaction
between the active site (Fe) and the host materials can be

https://doi.org/10.1021/jacsau.2c00385
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regarded as an important design criterion for active electro-
chemical interfaces under dynamic conditions.

On the basis of the activity—stability trend and operando
analysis, a new concept considering dynamic electrochemical
interfaces, which is supported by the active site—support
interaction, is proposed (Figure 4¢).> This dynamic electro-
chemical interface is compromised by two factors. First, it
indicates the extent to which an active site can be maximally
stabilized and utilized by the interaction with host materials as
a thermodynamic factor. Second, it shows the equilibrium
condition at the electrochemical interface between the
electrode and electrolyte via dissolution from the electrode
to the electrolyte and redeposition from the electrolyte to the
electrode. On the basis of this concept, two general strategies
are effective for increasing the overall electrochemical perform-
ance. First, it is crucial to design active sites and host pairs with
strong interactions. For example, Fe is the active site in alkaline
oxygen evolution; however, it cannot be regenerated (self-
healed) because Fe cannot be self-regenerated on the Fe
hydroxide surface because of the weak interaction between the
Fe hydroxide (host) and Fe atom (active site).” It is critical to
find a suitable host surface that can stabilize the active sites,
which implies that the number of active sites and the overall
activity can be controlled by host engineering. The second
important factor is the equilibrium between the electrode and
the electrolyte. In particular, the concentration of active sites in
the electrolyte is the key to optimizing equilibrium. If the
concentration is too low or negligible, the number of dynamic
active sites keeps decreasing during the reaction, followed by
activity decay. If the concentration is sufficiently high at a
certain level to lead equilibrium, the active sites can be
continuously regenerated. Because both thermodynamic and
chemical equilibrium factors are equally important for
determining the number of dynamic active sites, the design
principles should be revisited to utilize dynamic electro-
chemical interfaces.

The concept of the active site—host interaction can be
generally adopted in various phases and structures of transition
metals, such as oxides, nitrides, and phosphides because
hydroxides and oxyhydroxides are thermodynamically stable
phases from the Pourbaix diagram under OER condi-
tions.'”*”7>° Recently, this type of reconstruction issue was
discussed using a precatalyst/catalyst scenario whereby the
starting materials were “precatalysts” while the reconstructed
surfaces were “catalysts”.’*™*® Not surprisingly, surface
reconstruction issues were also raised in perovskite samples
during the OER.'">*~*' The Schmidt group clearly observed
the reconstruction of perovskites using nanosized
Ba, sSry sCoggFe;,0;.5 (BSCF).'"” The surface of BSCF was
transformed to (Co/Fe)O(OH), a self-assembled active layer
via a lattice oxygen evolution reaction (LOER). The LOER
process leads to Ba®* and Sr** dissolution and triggers the
dissolution of transition metals (Co and Fe). However, being
rather insoluble species, Co and Fe can be easily redeposited
on the catalyst surface, especially near the electrode surface.
The cation concentration (because of the initial dissolution)
becomes significant, which presents that a dynamic self-
assembled surface layer appears to be the key to a mechanistic
understanding of the OER (Figure Sa). A recent study also
validated that the activity trend of perovskites is highly affected
by the Fe in electrolytes and suggested that the number of
dynamic active sites could also be the reason for these systems
using Sr-doped LaCoO; (La,_,Sr,Co0;) model study.”” When
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Sr is introduced to La sites, dissolution of Sr activates the
surface reconstruction of La,_,Sr,CoO; from crystalline
perovskite to amorphous (oxy)hydroxide (note: the dissolu-
tion of La is negligible in the same potential window). The
(oxy)hydroxide surface can potentially stabilize Fe and form
dynamic active (Fe)—stable host interactions, whereas the
oxide surface without surface reconstruction cannot, thereby
indicating that the activity of the Sr-doped samples was highly
affected only when the electrolyte contained Fe. The higher
the amount of Sr, the more easily the surface was
reconstructed, and the surface area that could interact with
Fe increased, thereby showing high OER activity (Figure Sb).
When there is no Fe in the electrolyte, the activities of all
samples are identical, which indicates that the origin of the
difference in the activities depending on Sr doping can be
attributed to the dynamic interaction between the Fe active
site (solution) with the host surface (hydroxide/oxyhydr-
oxide). Recent reports also highlight similar phenomena using
B-site-controlled perovskites (SrCo,_.Fe,0;).”> Both SrCoO;
and SrCog¢Fe,,0; perovskites underwent surface amorphiza-
tion during electrochemical cycling in 0.1 M KOH. After
spiking in the electrolyte, Fe was incorporated into the
amorphized surface of SrCoQO;, which led to remarkable
activity compared with the conditions in the absence of an Fe
spike (Figure Sc). Because several perovskite samples can be
subjected to surface reconstruction, the activity trend and
mechanistic study should be carefully conducted after
considering dynamic reconstruction and interaction with
electrolytes.**

Charge transfer at the electrode—electrolyte interface requires
considerable activation energy, which makes electrochemical
reactions less efficient, particularly at high rates. This drawback
can be overcome by introducing a redox mediator (or soluble
catalyst) with fast kinetics into electrolytes to enhance charge
transfer properties. This diffusible additive can easily move
around in the electrolyte and have frequent contact with active
materials, thereby maximizing the areas of interaction for
catalysis.””*® Unlike the abovementioned two cases, redox
mediators are not deposited on the solid surface of the
electrocatalysts. They actively participate in these reactions as
charge carriers. The redox-mediated interface can be function-
ally active through the (electro)chemical transition of
mediators. This so-called soluble catalyst can be electrochemi-
cally activated on the electrode surface, diffused into the
electrolyte for chemical reactions with reactants, and
reactivated on the electrode surface. This electrochemical—
chemical-coupled system can be operated when the molecular
orbital energy level of the redox mediator is properly aligned to
drive the chemical reactions of interest while minimizing
parasitic side reactions.

Redox mediators are usually a series of molecules and ions
that can be reversibly oxidized or reduced in a target
electrochemical reaction. They act as intermediate carriers
and electron reservoirs without influencing the final products.
To act as good mediators, these species require some key
properties such as high reversibility, fast kinetics, negligible
side reactions, good solubility as a component of electrolytes,
and good stability under operating conditions.”” The careful
choice of species with proper redox potential is important, but
there are no comprehensive descriptions and/or guidelines for
redox mediators for various electrochemical applications. In
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this section, we provide a brief review of the progress,
challenges, and prospects of redox mediators in electro-
chemical energy-storage systems.

Li—O, batteries have attracted significant interest as next-
generation batteries because of their exceptionally high
theoretical energy densities.** Li—0O, batteries consist of a
lithium anode, an electrolyte, and a carbon material as the air
electrode. During the discharge process, O, is reduced, and
solid Li,O, is produced on the air electrode. This process is
referred to as the oxygen reduction reaction from the
perspective of the oxygen species. During the charging process,
solid Li,O, decomposes into Li* and O, (another type of
OER). Electronic insulating discharge products, such as Li,O/
Li,O, crystals, contribute to poor rate capability, low active
material utilization, and high polarization.so’51 These issues can
be circumvented during the charging process by introducing
into the electrolytes redox-active species that can act as
electron—hole transport mediators.”> The use of these
mediators is considered an efficient solution to facilitate the
electrochemical reaction between lithium and oxygen, thus
improving the cycling performance. These redox mediators
enable charge transfer at the solid—liquid interface, thereby
accelerating the kinetics of the discharge intermediates and
products (Figure 6a). In addition, they are usually soluble
molecules and can migrate to longer distances from the
electrode surface; thus, a large number of them can directly
affect (maximize) energy density.

In 2013, Bruce et al. reported a redox mediator that could
act as an electron—hole transfer agent between the electrode
and Li, O, interfaces, thereby activating the insulating discharge
products.”> Unlike conventional solid electrodes, this soluble
redox mediator (molecule) could easily move around with the
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discharge product (Li,O,) and maximize the interaction for
catalysis. In a follow-up report, Bruce et al. suggested that the
redox potential of redox mediators should be close to that for
Li,0, formation.>® They further proposed that the equilibrium
potential of Li,O, should be slightly lower than the oxidation
potential of the redox mediators and that the redox mediators
should be inert to the electrolyte or counter Li metal anode.
Recently, Kang et al. proposed an innovative methodology to
screen a series of redox mediators and formulate design rules
for selecting a suitable redox mediator for the OER process in
Li—O, batteries (Figure 6b).>* Their work established a link
between the ionization energy of the redox mediator and its
ability to serve as a soluble catalyst. They also suggested that
the highest occupied molecular orbital (HOMO) energy level
of the catalyst should be considered in comparison with the
formation energy of Li,O, and the HOMO energy level of the
electrolyte. Thus far, redox mediators are susceptible to
degradation during battery operation and, in some cases,
they can induce the degradation of other cell components.
Moreover, they can act as electron shuttles between the
cathode and anode rather than as Li,O,-oxidation mediators.
Therefore, careful design of the redox mediator and evaluation
of its efficiency as an OER catalyst are exceptionally important
for the development of advanced Li—O, batteries with high
performance and long cycle lifetimes.

As another system, lithium—sulfur batteries have attracted
recent attention because of their high theoretical specific
capacity and the low cost of sulfur.”> However, the sluggish
electrochemical kinetics of sulfur species have impeded the
widespread adoption of lithium—sulfur batteries. One of the
main challenges associated with Li,S intermediates is the initial
activation of Li,S on the cathode side to obtain full theoretical
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capacity. Li,S intermediates are insoluble and have a high
charge-transfer resistance. Therefore, redox mediators can play
vital roles in increasing the conductivity of the cathode and
provide better utilization through the continuous activation of
Li,S.>° The key point in choosing an appropriate redox
mediator is that the reduction potential of the mediator should
be less than the voltage for the reduction of Li,S, to Li,S.
Another problem that deteriorates the performance of
lithium—sulfur batteries is the poor conductivity of sulfur
cathode electrodes.’” To circumvent this problem, large
amounts of conductive agents and binders are employed in
the cathode, but this reduces the loading of sulfur and
therefore decreases the energy density. In this case, the redox
mediator can be a solution with a higher sulfur mass load
because it can be introduced into the electrolyte. A recent
study suggested that soluble cobaltocene molecules were
introduced as the redox mediator for sulfur activation (Figures
6¢,d).>® The cobaltocene could act as a redox mediator to
facilitate electron transfer between the polysulfide and the
conductive surface because its redox potential lies within the
polysulfide reduction region. With the charge-shuttling effect,
the discharge capacitance increased with an increase in the
mediator concentration.

Generally, the energy density of supercapacitors is
determined by both the electrode material and the electrolyte.
Most studies have focused on electrode-modifying methods to
design materials with tailored structures and morphologies to
improve the electrochemical capacitive performance of super-
capacitors. However, the capacitance of electrode materials is
limited by slow diffusion and penetration of electrolyte ions.
Thus, the addition of redox-active molecules into the
electrolytes has recently proven to be an alternative method
to enhance system performance (Figure 7a).” A fast reversible
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redox reaction of redox mediators can efliciently increase the
ionic conductivity and store extra charges via valence change
during the redox process, thereby providing more charge
capacity compared with electrostatic interfacial capacitors. As
iodine has stable redox properties with various oxidation states,
KI salt has been widely used as an aqueous redox mediator for
supercapacitors with a carbon electrode.”” When KI is
dissolved in an electrolyte solution, an exceptionally high
specific capacitance is achieved, one which is several times
higher than that without KI. Na,MoO, is another redox-active
additive under acidic and neutral conditions.”’ The introduc-
tion of Na,MoO, into the Li,SO, electrolyte increases the
specific capacitance. Moreover, when this salt was introduced
into an acidic electrolyte, a high specific capacitance was
observed, one that was approximately 3.75 times higher than
that of the H,SO, electrolyte system alone. Complex ions are
another example of compounds that can also act as redox
mediators. Liu et al. reported that [Fe(CN)4]*>/* improved the
capacitance of the Co—Al hydroxide electrode.”” Organic
redox mediators are equally attractive candidates because of
their structural diversity. Santamaria et al. showed that on two
occasions, a higher specific capacitance was achieved when
hydroquinone was added as a mediator.”® Despite the merits of
redox mediators in improving the electrochemical capacitive
performance of supercapacitors, several issues remain.
Generally, the energy density of supercapacitors involving
redox mediators depends on the interaction between the
mediators and the electrode surface and the solubility of the
mediators (Figure 7b).* The former is related to the rates of
adsorption/desorption of redox mediators on electrodes, while
the latter is related to the solvation energy of redox mediators.
The shuttling problem on the opposite electrode can be
suppressed in the presence of strong interactions with the
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target electrode. However, if this interaction is too intense, it
could hinder the desorption of redox mediators from the
electrode. Likewise, the enormous solvation energy can slow
down the solvation process if the mediator and solvent have
strong interactions. Therefore, the optimal balance for such
interactions between redox mediators and other components
requires further investigation.

Understanding the interfaces between the electrode and
electrolyte during the electrochemical process is crucial for
achieving high-performance energy storage and conversion
systems. To date, most studies have focused on electrode-
modifying approaches that aim to change the adsorption
energetics of reactants on static active sites to achieve
enhanced electrochemical performance. However, the electro-
chemical system can be further improved in terms of both
functionality and stability when its dynamics are fundamentally
understood, as evidenced by the three classes of dynamic
electrochemical interfaces. Moreover, in recent times, a
growing number of investigations have proposed a new
viewpoint that the active sites can undergo structure-evolving
processes during electrochemical reactions. That is, the as-
synthesized starting electrode is not the catalyst itself; instead,
it serves as a “precatalyst” that can be reconstructed
electrochemically into the real active “catalyst” or “precata-
lyst—catalyst interface.” The dissolved catalysts or ions in the
electrolyte can also critically influence catalytic performance
and stability. Thus, an extensive study of the exact dynamics of
the electrified interface is required to understand the role of
chemistry in the performance of the electrochemical system on
the basis of the following issues.

The structural dynamics of the electrochemical interfaces
determine the chemistry in all electrochemical reactions, but
the dynamic nature is still poorly understood. In the time
frame aspect, how electrocatalytic active sites and local
structures dynamically evolve is mainly considered. However,
from the interaction-related dynamic viewpoint, how the
electrochemical reaction-related species (e.g., intermediates or
electrolytes) participate in the catalytic process is a primary
concern. Much remains as challenging issues to elucidate how
ions, protons, and even insertion/deinsertion of electrolytes
can trigger changes in structural and electronic states in order
to clearly understanding the dynamic electrochemical
processes. For example, the hydroxide materials usually have
a layered structure, so their electrocatalytic activity could be
easily influenced by the inserted anions, hydroxide, and water
molecules.”>*® Furthermore, the unpredictable dynamic nature
of electroanalytical measurements is complicated under
operating conditions, so they are not adequately understood
in many areas so far. It might be difficult to figure out dynamic
behavior in electrochemical interface because of the insufficient
techniques for direct observation of reactive intermediates
generated. Likewise, recent studies show that intentionally
modified operating protocols for electrochemical measure-
ments could show different phenomena. As an example, the
square wave at each electrochemical cycling demonstrates a
more vigorous effect compared with that of the conventional
triangle wave protocol in terms of degradation of electro-
catalyst materials at a given period.”” Thus, we should carefully
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consider dynamic and intricate behaviors at the interfaces
when treating the electrochemical environment that surrounds
electrodes and also during electroanalytical methods.

Of related importance, careful design of the experimental work
is exceptionally important when it comes to an atomistic
understanding of interface dynamics. Utilization of only certain
spectroscopy tools and simple electrochemical measurements
within a certain time interval could easily provide misleading
data about improved performance and electrochemical
findings. It is essential to provide direct insights into the
molecular dynamics of the true time scales of the reaction at
electrified interfaces with more delicate operando analyses. For
example, despite recent advancements in the understanding of
catalysts with operando techniques, some previous studies
might have been oversimplifications based on conventional
observations. Significant progress has been achieved with
newly developed characterization techniques, but observation
of the exact reaction active sites and dynamics at electro-
chemical interfaces remains challenging.ég_74 Therefore, a
fundamental understanding of atomic and molecular level
dynamics using operando techniques and its continuous
tracking in various time frames can shed light on enigmatic
features at electrochemical interfaces. Furthermore, a theoreti-
cal understanding of density functional theory and molecular
dynamics is invaluable in deciphering the dynamic behavior
and guiding the effective design of electrochemical inter-
faces.”” ™ Since it is almost impossible to control all variables
experimentally in dynamic conditions, and there is a limit to
experimentally capturing all changes, theory and computational
approaches and comparison of experimental results will be very
important factors for future research.®"

As noted above, most electrode surfaces usually suffer from
unavoidable surface reconstruction in electrochemical operat-
ing conditions, which can have either harmful or beneficial
effects on electrocatalysis.”> In particular, the instability of
electrode materials, such as metal corrosion, dendrite growth,
and volume expansion at the electrolyte/electrode interface, is
among the most critical issues hindering the development of
advanced energy storage techniques. In general, a passivation
layer called the solid electrolyte interphase (SEI) is usually
formed on the battery electrode surface as a decomposition
product of electrolytes. After formation at the electrolyte/
electrode interface, it would suppress the further continuous
electrolyte consumption and dendrite growth inhibition.
However, the structurally dense SEIs can act as resistive
interfacial layers that hinder the fast electrochemical perform-
ance. As the formation of SEI is common dynamic behavior in
battery systems, a new strategy should be proposed to yield
high ion-conductive and stable interlayers, thereby enablin

long-term stability and fast charge transfer kinetics.*"**
Furthermore, electrochemical interfaces even undergo severe
reconstructions involving compositional change and crystallo-
graphic domain transformation (e.g, grain boundary for-
mation, and amorphization) during electrocatalysis.'”***” To
resolve and understand the aforementioned interfacial
behaviors, recent studies propose some strategies guiding the
reconstruction process in a controllable direction to break from
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the conventional catalyst design path. In these cases, surface
reconstruction sometimes generates unique active sites with
enhanced catalytic activity and selectivity for specific products.

In addition, it is critical to implement high functionality of
dynamic electrochemical interfaces into practical device
systems. Considering most research has focused on the
fundamental aspects of reaction mechanisms, engineering
strategies to utilize them at the device level are rather limited.
It is critical to understand the local environment of interfaces
on electrocatalysts, which can mediate the transport and local
concentration of reactants and other related species (e.g,
electrolyte salts, proton, or water molecules) influencing
reaction pathways. For instance, water or CO, electrolyzer
often uses gas diffusion electrodes with a flow-type cell
configuration to increase surface area and improve mass
transport on the electrode surface, respectively.”>*” Compared
with the conventional microelectrode-based catalyst film, a
different mode of dynamic electrochemical interface can be
formulated in practical device environments. However, there is
still a lot to understand about how the catalyst microenviron-
ment and reaction interfaces could affect the mass transport
and kinetics of electrocatalytic behaviors. For example, during
the electrochemical gas evolution reaction, the continuously
produced gas bubbles can block the electrode surface.”” They
might impede the transport of electrolytes and reactants to and
away from the catalytic sites, thereby influencing the reaction
kinetics. In addition, during the self-healing mechanism in the
OER process, Ostwald ripening and consequent surface area
loss can be induced within nanoporous catalyst film because of
nonuniform dissolution kinetics on each nanoparticle catalyst.
Therefore, device-level studies should focus on investigating
any limitation of dynamic interface effect imposed on catalyst
layers and rational strategies to address them, including
electrolyte engineering and system design.

In conclusion, to understand the correlations between
structural activity and structural stability in electrochemical
conversion and storage systems, it is necessary to understand
the interface structure and its dynamics at the atomic scale.
From this perspective, we covered three unique cases of
dynamic electrochemical behavior at the interfaces and
acquired insight into the true picture of electrode—electrolyte
interfaces in electrochemical systems. Ultimately, further
research efforts should be directed toward balancing the
surface dissolution and reconstruction processes at electro-
chemical interfaces for utilization in industrially relevant
electrochemical applications. In addition, it is essential to
maximize the solid—liquid(—gas) interface where reactants,
electrons, and ions meet with the introduction of some soluble
redox-mediated species or by enhancing the interactions of the
active site—host pairs.
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