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Interfacial processes in electrochemical
energy systems

Maoyu Wang and Zhenxing Feng *

Electrochemical energy systems such as batteries, water electrolyzers, and fuel cells are considered as

promising and sustainable energy storage and conversion devices due to their high energy densities and

zero or negative carbon dioxide emission. However, their widespread applications are hindered by many

technical challenges, such as the low efficiency and poor long-term cyclability, which are mostly

affected by the changes at the reactant/electrode/electrolyte interfaces. These interfacial processes

involve ion/electron transfer, molecular/ion adsorption/desorption, and complex interface restructuring,

which lead to irreversible modifications to the electrodes and the electrolyte. The understanding of

these interfacial processes is thus crucial to provide strategies for solving those problems. In this review,

we will discuss different interfacial processes at three representative interfaces, namely, solid–gas, solid–

liquid, and solid–solid, in various electrochemical energy systems, and how they could influence the

performance of electrochemical systems.

Introduction

With the increasing demand for energy resources and aware-
ness of environmental problems, the development of sustain-
able energy devices has become the main effort in recent
decades.1–3 Electrochemical energy systems (EESs), such as
batteries, fuel cells, and water electrolyzers, have been emer-
ging as promising candidates for green devices due to their
high energy density and low environmental pollution.4–6 How-
ever, there are still many technical challenges in these EESs,
which hamper their large-scale applications.7,8 For example, to
improve the energy density of current lithium–ion batteries
(LIBs), the use of lithium metal as the anode is necessary, but
the dendrite formation at the anode–electrolyte interface is a
severe problem in batteries that use either solid-state or liquid
electrolytes, resulting in safety issues, limited voltage window,
and poor cyclability.9–11 In LIBs, the electrode–electrolyte inter-
phase (EEI) is treated as one of the critical elements to improve
the performance of batteries.9–11 Luchkin et al. reported that
the performance and cyclability of LIBs strongly depend on the
formation of passivation interphase layers.12 Also, Suo et al.
demonstrated that the EEI could block the electron transfer
and only allow ion transfer to expand the voltage window of
aqueous batteries.13 Similarly, hydrogen fuel cells, which con-
vert the chemical energy stored in hydrogen to electricity with
no carbon emission, and electrolyzers, which split water to
produce hydrogen and oxygen, suffer from the sluggish kinetics

of the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER),14–17 respectively. The implementation of cata-
lysts at the electrode–electrolyte interfaces in these energy
conversion devices is essential to improve the surface reaction
kinetics, thus helping achieve high efficiency for the whole
system.18–20 Hong et al. showed that the oxygen adsorption and
dissociation on the electrode surface are important for improv-
ing the electrocatalyst function.21 Clearly, all these studies have
indicated that interfaces are critical components and the
processes at these interfaces can significantly influence the
performance of EESs. Therefore, to design next-generation
EESs, it is necessary to conduct fundamental research at these
interfaces and understand the connections between the inter-
facial processes and the performance of the device. In this
Feature Article, we will go over and summarize the current
progress in studies of interfacial processes in different EESs.

There are several different types of interfacial processes
which can be categorized based on the effects on interfaces.
The simplest one only involves the electron or charge transfer
(Fig. 1a), which can take place on the electrocatalyst surfaces
but may not be desired in most electrode–electrolyte interfaces
in EESs, as electrons should be only allowed through outside
wires. Only ionic transfer is preferred at the electrode–electro-
lyte interfaces (Fig. 1b). For example, Wang et al. reported a new
type of aqueous battery electrolyte reacting with a Li anode to
form a stable EEI, which would limit the electron transfer and
allow Li ion transfer to expand the battery voltage window.22

Different from the electron transfer, ions have a relatively large
size compared to electrons, which may cause structural
changes at these interfaces. For intercalation type batteries
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such as LIBs, the intercalation of Li+ may or may not result in
any interfacial modifications.23 However, such interfaces
always change in conversion-type batteries such as lithium–
sulfur batteries.24 The third case involves both electron and ion
transfer (Fig. 1c), which can lead to significant surface recon-
struction at the interface and it is the most common interfacial
process (e.g., the formation of the solid–electrolyte interphase,
or SEI).25–27 The fourth case is the surface adsorption/
desorption, which is well known in electrochemical systems
that involve gas or reaction intermediates such as electrocata-
lyst surfaces in fuel cells and water electrolyzers.28–30 Similar to
the ion transfer reaction, the surface adsorption/desorption
may result in surface reconstruction. For example, Wygant
et al. pointed out that most transition metal carbides, pnic-
tides, and chalcogenides such as FeS, CoS, and NiS would
undergo surface reconstruction when adsorbing oxygen ions
during the OER, but some transition metal chalcogenides such
as NiSe may not experience a surface structure change.31 In this
Feature Article, we will go over the recent progress in solid–gas,
solid–liquid, and solid–solid interfaces in different electroche-
mical energy systems to illustrate the corresponding interfacial
processes. We will also briefly discuss the related characteriza-
tion techniques, particularly in situ and operando, which are
suitable to probe the complex changes.

Solid–gas interface

A solid–gas interface (SGI) commonly exists in chemical reac-
tions, particularly in heterogeneous catalysis, where the mole-
cules are absorbed on the catalyst surfaces and subsequently
react and desorb. Research in surface science has been
diversely developed by studying the restructuring and changes
at the SGI in catalysis. In addition to understanding such
processes in either bulk powders or nanoparticles,32–38 single
crystal and thin films are widely used as the model systems to
study the chemical reactions at the SGI through numerous
surface-sensitive techniques (e.g., X-ray, electron microscopy,
etc.), with great insights obtained.39–50 In electrochemical
devices, such interfaces can be found in gas-breathing compo-
nents. For example, the fuel cell cathode and anode that involve
gas adsorption and charge transfer are one type of SGI. Metal–
air batteries also need to accommodate air or oxygen diffusion
through the corresponding electrode, thus forming a SGI. One

of the best examples of SGIs could be the anode and cathode of
solid oxide fuel cells (SOFCs),51–53 which are operated at
elevated temperatures (500–1000 1C) to react with hydrogen
and oxygen, respectively, and is a potential alternative to
conventional fire-power plants for electricity generation owing
to high efficiency and low carbon emission of SOFCs.51,54,55 A
typical SOFC process involves the electrochemical reduction of
oxygen molecules over the cathode to oxygen ions, and the
diffusion of oxygen ions through the electrolyte and then to the
anode for the reaction with hydrogen. The sluggish ORR
kinetics at the cathode and poor oxygen ionic conductivity are
two major issues that affect the performance of SOFCs and
hinder their large-scale utilization.51,54,55 Researchers have
found that if the cathode thickness is less than the critical
thickness (Lc) that is defined by the ratio of diffusion coefficient
(D) and surface exchange coefficient (k),56,57 the rate limiting
step is the ORR at the surfaces, otherwise the bulk diffusion
limits the whole reaction. Clearly these two processes are
associated with the SGI, and Fig. 2 illustrates three scenarios
which can be further categorized as the dual phase boundary
(DPB) and triple phase boundary (TPB).58 The following discus-
sion will be focused on the cathode interfaces of SOFCs as
examples.

In a DPB, the oxygen gases interact with the solid cathode or
catalyst interfaces and go through the following processes: the
oxygen molecule is directly absorbed on the mixed ionic
electron conductor (MIEC) and disassociates to oxygen atoms
or is directly reduced to oxygen ions, and then the oxygen ions
diffuse through the electrolyte to the anode (Fig. 2a).58 These
adsorption and diffusion steps may lead to some surface
structure modification or degradation. The oxygen adsorption
and dissociation can be facilitated by either the cathode itself
or additionally added catalyst materials, and the surface
restructuring or degradation directly influence both the perfor-
mance and durability of SOFCs. Therefore, controlling the
undesired side reaction and inhibiting the surface degradation
at the SGI is one promising way to improve the performance of
SOFCs. An effective means is to modify the surface composition
or coat/decorate a thin layer that prevents restructuring. For
example, Pang et al. found that the optimization of surface
composition of La0.5Ba0.5CoOx by creating Ba-deficiency can
suppress the formation of a segregation layer, decrease the
oxide ion diffusion barrier, and stabilize the crystal structure
for better ORR durability and activity.59 Moreover, Yang et al.

Fig. 1 Interfacial process schematic for (a) electron (charge) transfer, (b)
ionic transfer, (c) surface reconstruction and (d) surface adsorption/
desorption. The Li ion and oxygen electroreduction reaction is shown as
an example.

Fig. 2 A schematic of the reaction pathways involving the (a) DPB and (b)
TPB through metals, MIEC and electrolytes. The ORR is shown as an
example.
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reported that SrFe0.85Ti0.1Ni0.05Ox decorated with NiO nano-
particles demonstrated better ORR activity than the benchmark
cobalt based Ba0.5Sr0.5Co0.8Fe0.2Ox, and these NiO nano-
particles were treated as the important components to enhance
the ORR performance.60 Li et al. also demonstrated that the
Co3O4 decorated LaSrFeO3 surface will improve the surface
ORR kinetics by changing the charge-transfer processes and
increasing the surface oxygen exchange coefficient. Note that
not all surface layers can prevent the surface restructuring and/
or enhance the ORR activities. Shao-Horn’s group showed that
the surface decoration of La0.8Sr0.2CoO3�d with Sr composition
(e.g., SrO) can enhance the surface exchange coefficient and
ORR activity, while ‘‘La’’- and ‘‘Co’’-decorations lead to no
change of the ORR.61 These studies have successfully con-
firmed that the surface composition and structure are impor-
tant for the ORR kinetics, and similar strategies have been
applied in battery research for surface coating on cathode
materials to improve their stability and performance,62 which
will be illustrated in detail later. However, these studies have
not provided deep insights into how surface composition or
structure would change the reaction kinetics. Besides reports
showing the effectiveness of surface coating on a DPB for the
improvement of solid–gas interfacial processes, it is more
important to figure out the physical origins for such enhance-
ments or changes at the SGI.

To better understand this interfacial phenomenon in a DPB,
Rupp et al. used real-time in situ electrochemical impedance
spectroscopy (EIS) to monitor the oxygen reduction processes
during surface modification of the LaSrCoOx (LSC) cathode,
which shows excellent activity for the ORR but poor durability.7

To find out the potential reason causing these degradations,
they measured the surface exchange resistance and coefficient
when growing the LSC with tiny amounts of SrO by pulsed laser
deposition.7 They found that SrO would lead to the deactivation
of the LSC and Co adding will (re-)active the LSC.7 The surface
exchange resistance would increase and the surface exchange
coefficient would decrease with more Sr decorated surfaces, but
the Co showed an opposite trend to the Sr.7 Moreover, the La
decorated surface would not affect the surface exchange resis-
tance and coefficient a lot.7 These results indicate that Co
atoms are the active sites for the ORR, and the decomposition
of the LSC will lose Co atoms on the surface, which resulted in
the deactivation of the LSC.7 This finding seems to contradict
other results which show that the Sr enrichment in the surface
actually benefits the surface ORR.61,63,64 To clarify these differ-
ences, the Adler group utilizes linear and non-linear impedance
analysis on several gas–solid interfaces of LSC thin films
including La0.8Sr0.2CoO3�d and La0.6Sr0.4CoO3�d under differ-
ent partial oxygen pressures (Fig. 3a–c),65,66 and revealed that
these surfaces still obey a dissociative adsorption rate law
despite substantial changes in the local properties. The
enhancement caused by surface decoration or additional layer
is primarily due to differences in the local thermodynamic
properties rather than a shift in the reaction mechanism, which
clarifies some debates in the literature arguing the unique
properties of surface layers. Besides the electrochemical

methods for mechanistic studies, several synchrotron X-ray
characterization methods have also been extensively applied
to study gas–solid interfaces in electrochemical devices, parti-
cularly SOFCs. Considering the surface sensitivity, X-ray photo-
electron spectroscopy (XPS), especially ambient-pressure XPS
(AP-XPS), is the primary choice for in situ investigations. This
in situ characterization method was performed under various
oxygen partial pressures with heating and applied voltages,
truly mimicking the real operation conditions for electroche-
mical devices. Such studies have successfully coupled surface
composition changes with heating (Fig. 3d) and applied
voltages.64,67,68 The reversible surface compositional changes
under operating conditions are correlated with the role of
corresponding elements in promoting the ORR and contribute
to the stability of the gas–solid interfaces for long term run,64,68

while some irreversible composition and structural changes at
the initial cycles are believed to be the activation processes of
SGIs that induce the local properties for subsequent ORR
activity enhancement.69 These in situ studies at the atomic-
scale correlate the Sr composition changes with the enhanced
ORR activity in thin film cathodes of SOFCs: the Sr enrichment
in the crystal lattice (so-called coherent Sr) is beneficial for
oxygen incorporation and thus the ORR and incoherent Sr
particles on thin film surfaces are detrimental to solid–gas
processes. In addition to experimental characterization meth-
ods, the theoretical calculations are also critical to connect the
structural and composition changes with the performance of
electrochemical devices, especially helpful in revealing the
charge-transfer processes and adsorption power of molecules
at the SGI with respect to surface oxygen exchange.70 In theory,
one can selectively study the influence of a specific factor on the
SGI. For example, Xu et al. carried out a theoretical simulation
to investigate the adsorption and dissociation of oxygen on
different Co3O4 planes, which could guide the finding of
suitable crystal orientation for the best ORR kinetics.71 They
pointed out that the Co3O4 (001) plane has the smallest oxygen

Fig. 3 Schematic illustrating the two possible distributions of the Sr
dopant within the LSC thin film: (a) uniform cation distribution, and a
(b) two-layer model in which the Sr/La ratio is enhanced within a layer of
thickness of L1 near the gas-exposed surface.65 (c) Measured 2nd and 3rd
order harmonic response coefficients U2,2 and U3,3 for the 45-nm film
tested at 520 1C and pO2 = 1.0 atm (blue), 0.1 atm (red) and 0.01 atm
(green). (d) Sr 3d AP-XPS spectra of 90-nm LSC collected during the first
heating.69
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adsorption (�1.905 eV) and dissociation energies (1.69 eV)
compared with (110) and (111) planes. Based on the guidance
from the theoretical simulation, Co3O4 nano-cubes with (001)
planes are exposed to the surface and applied in the cathode of
SOFCs,71 showing the best ORR performance among different
crystal orientations.

Compared with the relatively simple reaction process in a
DPB, the TPB involves more complex interfacial processes: the
oxygen molecules are adsorbed and reduced at the interface of
the solid electrocatalyst and electrolyte, which is the solid–
solid–gas interface (SSGI) (Fig. 2b).58 Like a DPB, the surface
composition and microstructure affect the oxygen adsorption
and dissociation, thus determining the fuel cell performance
and cyclability. Chen et al. demonstrated a conformal CoOx

layer deposited on (La1�xSrx)MnO3 (LSM) and yttria stabilized
zirconia (YSZ) backbones would improve the ORR kinetics.72

Previously, a surface CoOx layer was deposited on the cathode
or catalyst surface (e.g., DPB) only to improve the catalytic
activity, but here they introduced it on both the cathode
electrocatalyst and electrolyte, which formed a newly added
triple phase boundary.72 These new TBPs, which involve the
solid electrode–electrolyte interface different from the DPB,
reduced the polarization resistance dramatically and acceler-
ated the oxygen diffusion to promote the ORR kinetics.72

Studies have also suggested that the length, density, width,
and the connection of the TPB are important microstructural
metrics to assess the performance and durability of SOFCs,73–78

as these parameters can affect the available active sites for the
ORR. For instance, the TPB with a greater length has more
available reaction sites. Cai et al. reported a simple laser micro-
process to improve the performance of SOFCs by changing the
TPB structure with an extended length. From their scanning
electron microscopy (SEM) images, they showed that the laser
micro-processing could create dimples and small cracks,
improving the connectivity between the electrolyte and electro-
catalyst and the interfacial area. These changes resulted in a
remarkable decrease of both ohmic and polarization resistance,
subsequently increasing the cell power density up to 58%.79

Similarly Jeong et al. demonstrated that sputtered ultrathin
platinum–gadolinium doped ceria (GDC) cermet interlayers on
the cathode side of the electrolyte increased the triple phase
boundary density and enhanced the reaction kinetics for the
ORR.80 Those examples prove that the microstructures of the
TPB (e.g., density and length) are strongly linked to the TPB
properties. Based on such conclusions, Zhang et al. used a
three-dimensional (3D) microstructure simulation to predict
the influence of the microstructure (volume fractions of con-
stituents, particle size, shape, and thickness) of the TPB on the
performance of SOFCs.78 The simulations suggested that the
greater porosity above 10% and below 35% of the TPB could
lead to the best stability and performance. Both constituents
(electrolyte and electrode) having a volume fraction of above
30% would have more than 87% active TPB. Their results also
showed that reducing the thickness of a composite cathode
could improve the TPB activity and using non-equiaxed parti-
cles increase the connectivity and thus reduce the percolation

threshold.78 Besides the cathode side, the TPB is also important at
the anode side. Vivet et al. reported a 3D imaging study of the Ni-
YSZ anode by using the focused ion beam SEM (FIB-SEM) tomo-
graphy. They reconstructed the 3D microstructure from FIB-SEM
data to visualize the interfacial features such as the surface area and
TPB length, and figured out that the optimized NiO composition in
Ni-YSZ would result in the largest interfacial surface area and TPB
length.81 Although FIB-SEM provides direct images of the SSGI,
most measurements are destructive, and thus hard for in situ
experiments. Other non-destructive methods such as synchrotron
X-ray tomography were then used to characterize the TPB
segmentation,76 providing direct evidence of the changes of the
TPB and correlated that with the fuel cell performance.

It is noted that a TPB does not only refer to the electrode–
electrolyte–gas interface, but also the electrode–electrode–gas
interfaces. In SOFCs, there is a long-time debate about the
origin of the superior ORR activity at the heterostructured
cathode–cathode–gas TPB interface such as (La1�ySry)2CoO4+d/
La1�xSrxCoO3�d (LSC214/LSC113) where either oxygen atoms or
oxygen ions react and further diffuse to the electrolyte, exhibit-
ing several orders of magnitude higher surface oxygen
exchange coefficients than those at the pure thin film (e.g.,
La1�xSrxCoO3�d) or a bulk powder cathode–gas DPB. It is
hypothesized that the interfacial composition and structure
affect the ORR activity. By creating a cross-section of such
heterostructured thin films, Yan et al. used scanning tunnelling
microscopy/spectroscopy (STM/STS) to study the electronic
structure of the TPB under elevated temperatures.82 They found
that LSC214 was electronically activated at 200–300 1C and
attributed this activation to the strongly anisotropic oxygen
incorporation kinetics at the TPB which leads to higher ORR
activity. However, the cross-section of the heterostructure with
a slope cut may not represent the true TPB. To probe the
interfacial structure, advanced techniques with good penetrat-
ing power are needed. Synchrotron X-ray with energy higher
than 5 keV (hard X-ray) is suitable to study the buried inter-
faces. Feng et al. used surface X-ray scattering (SXRD) together
with coherent Bragg rod analysis (COBRA) to examine and
compare the La1�xSrxCoO3�d cathode–gas DPB and the
(La1�ySry)2CoO4+d/La1�xSrxCoO3�d heterostructure TPB.67,83

They found in both cases that there is significant Sr enrichment
at the DPB surface and TPB interface (Fig. 4a), which leads to
high oxygen vacancy concentration due to charge neutrality.
Such oxygen deficiency is beneficial for the ORR as oxygen
vacancies can not only facilitate the oxygen absorption and
diffusion (Fig. 4b), but also elevate the oxygen p-band center,
which is treated as the design parameter to guide the discovery
of highly active cathodes and electrocatalysts for numerous
electrochemical reactions (Fig. 4c).84–87 Following Feng’s
research, Chen et al. applied a combination of synchrotron
X-ray spectroscopy (i.e., hard X-ray photoelectron spectroscopy)
with high resolution XRD (HRXRD) to study various hetero-
structure TPBs and arrived at a similar conclusion that the
oxygen defect chemistry of these transition metal oxides was
strongly impacted by the presence of interfaces and the proper-
ties of the adjacent phases.88
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Solid–Liquid interface

A solid–liquid interface (SLI) is another important component
in many electrochemical energy systems, particularly, for elec-
trocatalysts in energy conversion devices and electrode–
electrolyte interfaces in liquid electrolyte-based batteries. Simi-
lar to a SGI, there are various interfacial processes occurring at
a SLI, including electrodeposition, reactions, transformations
and restructuring. The liquid medium allows the transporta-
tion of both gases and ions, adding additional complexity
compared to the SGI. In addition, the SLI maintains good
flexibility to adapt to structural deformation during different
interfacial processes. Therefore, the complicated but important
SLI attracts great scientific attention from the electrochemistry
community to study the structure–property relationship in
electrochemical energy devices.

Charge transfer is one major process at the SLI and is
commonly found in reactions involving electrocatalysts, which
typically leads to the chemical adsorption/desorption of mole-
cules on the surface and/or the subsequent surface reconstruc-
tion. In the past few decades, efforts have been made to
understand the molecular interactions with electrocatalysts
and related influences on the catalytic properties.25,89–93 The
d-band center theory proposed by Norskov has paved the
foundation in catalysis for linking the adsorptive power of
catalysts to their activity.94 For example, they used density
functional theory (DFT) to figure out that the stable adsorbed
oxygen and hydroxyl due to proton/electron transfer at the
interface of the solid electrocatalysts and liquid electrolytes
are the origins of the overpotential of the ORR.95 Such studies
provide guidance for rational modification of catalysts to
achieve the desired activity and selectivity. Based on this theory,

a lot of follow-up studies have been performed for numerous
electrochemical reactions. Duan et al. applied DFT to predict
that the transition metal modified Pt surface would have
weakened the adsorption strength of hydroxyl/oxygen and then
can improve the ORR performance.96 By alloying with transi-
tion metals, Greely et al. tuned the adsorptive power of Pt to be
optimum and successfully suggested the Pt3Ni electrocatalyst
that is cheaper than Pt but shows higher ORR activity.97 With
this theoretical guidance,98 scientists have designed special
nanostructures (e.g., Pt3Ni nanoframes) with superior ORR
activity and stability (i.e., no decay for more than 10 000 cycles).

In addition to theoretical studies, surface adsorption/
desorption concurring with charge-transfer has been found
experimentally in many cases. Due to the complexity of the
interfacial changes at the SLI, thin film or single crystal model
systems are usually used to provide well-defined, singly orien-
tated surfaces. Taking RuO2 as an example, it is a well-known,
highly active electrocatalyst for the OER but its surface changes
due to the interactions with molecules and reaction intermedi-
ates are largely unknown. Shao-Horn’s group combined in situ
surface-sensitive X-ray scattering techniques with DFT to study
the (110)-orientated RuO2 single crystal surface at the SLI under
acidic conditions as a function of applied voltage.99 The X-ray
scattering measurements showed that (01L) and (10L) rods are
the oxygen atom sensitive rods corresponding to the changes in
the surface adsorbed oxygen species, and (00L) rods are pre-
dominantly dependent on the Ru atom position (Fig. 5).99

When increasing the potential, the intensity of the (00L) rods
did not change, which indicates that the position of surface Ru
did not move in the OER (Fig. 5c).99 However, the scattering
intensity variation from (01L) and (10L) rods suggests the
interfacial structural changes due to the adsorbed oxygen
species with the applied potential (Fig. 5a and b).99 The surface
structure obtained from the fitting of X-ray scattering data
provides the quantitative information of the Ru–O bonding
lengths (Fig. 5d-5k).99 With further help from DFT to examine
the energetics of the surface structure, they demonstrated that
the deprotonation of the hydroxyl group would form a stabilize
–OO group to limit the whole OER kinetics.99 Later, the same
group carried out a more comprehensive investigation of the
oxygen/hydroxyl adsorption/desorption on the RuO2 surface
with four different orientations, namely (101), (110), (001),
and (100), using a combination of AP-XPS, in situ SXRD, and
DFT.100 They found that different surface orientations can have
different degrees of influence on the adsorptive powers for
reaction intermediates and can be used to tune the OER activity
of the catalysts by varying the density of active sites.100 These
two cases are from few experimental studies that directly reveal
the molecular adsorption/desorption is caused by charge-
transfer in reactions,98,101,102 mainly due to the minor or
negligible local structural changes at the SLI from molecule
adsorption/desorption. It is more plausible to monitor the
electronic structure changes at the SLI using spectroscopy, as
charge-transfer can modify the electron configurations.103–105

Strong interfacial restructuring can also be induced by the
charge-transfer process at the SLI and is also common in

Fig. 4 (a) Model (La1�ySry)2CoO4+d/La1�xSrxCoO3�d heterostructure thin
film interfaces and layer-by-layer Sr distribution obtained from SXRD and
COBRA analysis. (b) The interface and surface Sr segregation in the lattice
leads to the enhanced oxygen surface exchange rate at the SSGI
(c) surface exchange coefficients kq or k* vs. the calculated O 2p band
centers (relative to the Fermi level) calculated for bulk unit cells. Details can
be found in ref. 67.
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electrocatalysis.106–111 The restructuring can be either reversi-
ble or irreversible. The former is generally good for the long-
term use of electrocatalysts and has been reported in many
studies,110,112–118 while the latter is believed to be detrimental
to the performance of catalysts. In most cases, the surface of
the electrocatalysts becomes amorphous and they lose their
original activity. Experiments have demonstrated that perovs-
kite Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF82) is not only highly active
as the cathode in SOFCs to promote reactions at the SGI, but
also a good electrocatalyst for the OER in alkaline solutions.
However, it is not stable during the reaction.119 To study the
deactivation mechanism, May et al. applied high resolution
transmission electron microscopy (HRTEM) to compare the
surface of the BSCF82 before and after the reaction. They found
that the surface amorphization caused by the reduced surface
concentration of Ba and Sr ions in the charge-transfer catalytic
process is the reason for the degradation of the OER
activities.120 However, not all amorphization leads to the activ-
ity loss for electrocatalysts. SrIrO3, a recently discovered mate-
rial with B3 orders of magnitude higher in OER activity

compared to the commercial standard IrO2 under acidic con-
ditions, exhibits better performance during cycling.121 This was
originally attributed to the Sr leaching and the formation of the
IrO2/SrIrO3 heterostructure. The follow-up mechanistic study,
which combined surface-sensitive scattering as well as spectro-
scopy and DFT, reveals that there are actually two changes of
SrIrO3 during the reaction.122 The Sr leaching results in the Sr-
deficient SryIrOx, and at the same time the top surface
(B2.4 nm) turns into an amorphous structure. This special
interfacial restructuring is initiated by the lattice oxygen redox
and is beneficial for the OER due to the coupled ionic
diffusion.122 Instead of forming a special heterostructure, the
highly disordered Ir octahedral network with Ir square-planar
motifs in the amorphous layer is confirmed by DFT to be the
active center of the electrocatalyst.122

We want to emphasize that the irreversible restructuring at
the SLI other than amorphization could also be good for
electrocatalysts at the SLI. Several studies have shown that
there could be an activation change in electrocatalysts at the
very beginning of the reaction. In a study of single Ru atom
anchored on the transition metal double layer hydroxide as the
electrocatalyst for the OER, Li et al. identified Ru–O–M (Fe, Co,
Ni, and Cu) motifs on the electrocatalyst surface after synthesis
and detected the shortening of the bond length after the first
cycle. They suggest that the Ru–O–M configuration changes the
electron distribution and promotes the electron transfer from
M to Ru.123 These electron transfers would not only benefit the
oxygen adsorption confirmed by DFT but also prevent the Ru
from being oxidized to a higher oxidization state and dissolving
in the electrode, consequently increasing the electrochemical
stability.123 A similar situation was found in another study
using nickel–iron layered double hydroxide as the OER electro-
catalyst. Interestingly, the Ni goes through reversible oxidation
state changes in the reaction while Fe experiences irreversible
restructuring initially. The reversible change of Ni contributes
to the regulation of the local structure and makes high-valent
metal sites stable at low overpotentials.124 The irreversible
change of Fe enables a special Fe4+ state that serves as the
active site for the OER and contributes to high activity of the
layered double hydroxide.124

All these examples shown above suggest that interfacial
restructuring is a complicate process at the SLI. To better track
such changes with deep understanding, in situ and operando
characterization methods such as X-ray absorption spectro-
scopy (XAS) are necessary.123,125–127 One good example is from
our study on high-loading atomically dispersed Ir atoms
anchored on the amorphous CoO surface using in situ XAS.125

Although XAS is a bulk-sensitive technique, the material of
interest is on the surface so the measurements on the material
become surface-sensitive. As shown in Fig. 6a, the X-ray absorp-
tion near edge structure (XANES) pointed out that Ir would be
oxidized with the increasing applied potential and reduced with
the decreased applied potential.125 Extended X-ray absorption
fine structure (EXAFS) indicated that the surface anchored Ir
would move towards the CoO bulk to form a strong Ir–O–Co
bond (Fig. 6b). In addition, EXAFS also shows the increase and

Fig. 5 (a) (01L) (b) (10L) and (c) (00L) rods measured at the four different
potentials, 0.5 V, 1.0 V, 1.3 V and 1.5 V as indicated. All voltages here are versus
the reversible hydrogen electrode (RHE). The experimentally measured inten-
sities are shown as open points and the best-fit results from the fitting process
are shown as solid lines of the corresponding color. Ball and stickmodels for the
best-fit structures obtained for the (d) 0.5 V, (e) 1.0 V, (f) 1.3 V and (g) 1.5 V crystal
truncation rod data. Maximum experimental uncertainty in bond lengths is
0.06 Å. Themost stable adsorbate configuration obtained fromDFT calculations
at (h) 0.5 V and (i) 1.0 V. The RuCUS–O bond length is the average value of the
RuCUS–H2O (2.17 Å) and RuCUS–OH (2.07) Å and the RuBRI–O bond length is an
average value of the RuBRI–OH (2.10 Å) and RuBRI–O (1.92 Å) at (j) 1.3 V and
(k) 1.5 V. The RuCUS–O bond length is the average value of the RuCUS–O (1.73 Å)
and RuCUS–OO (1.96) Å and the RuBRI–O bond length is an average value of the
RuBRI–OH (2.07 Å) and RuBRI–O (1.89 Å). Pink, red and blue spheres represent
the Ru, O and H atoms respectively. Bond lengths between surface Ru and
adsorbed O species are labeled. (RuCUS: a coordinately unsaturated Ru site
bound to five O atoms; RuBRI: a bridge Ru site bound to six O atoms).99
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decrease of the Ir–O coordination number (Fig. 6c–e), which
stands for the oxygen species adsorption and desorption,
respectively.125 Such reversible restructuring of Ir–O–Co bond-
ing, as discussed above, would change the electron distribution
around Ir and Co, thus benefiting the oxygen adsorption/
desorption during the charge-transfer process at the SLI.125

Furthermore, a lot of bulk-sensitive techniques can be tuned
surface-sensitive when operating at a grazing-incidence
angle.128,129 For example, Lee et al. carried out the in situ
grazing incidence XAS (GIXAS) and XRD (GIXRD) to study the
polycrystalline Cu thin film surface during the electrochemical
carbon dioxide reduction reaction (CO2RR).129 Their results
showed that the surface CuO would be reduced to Cu that is the
only phase presenting under the CO2RR conditions, and
the polycrystalline Cu surface would be reconstructed towards
the Cu (100) surface.129 This is similar to our study on the
reconstruction of copper(II) phthalocyanine (CuPc) during the
CO2RR.118 We also found the reduction of CuPc to form Cu
nanoclusters, but differently our results indicate that these Cu
nanoclusters can be reversed back to CuPc once the applied
potential is back to the open circle potential, thus CuPc can be
reused many times in the reaction.118 Similar processes
observed by the two groups with different final products in
the CO2RR are not contradictive to each other. The difference
could be due to the nucleation and growth conditions. In the
CuPc case, the size of Cu nanoparticles is too small to have a
stable nucleation seed and then decomposes once the potential
is reversed, while the Cu thin film could be strongly bonded by
the underneath substrate without further change. These two
studies also emphasize the importance of advanced in situ
characterization techniques for investigating complex interfa-
cial processes at the SLI.

Besides the electrocatalysts and/or electrode influence on
the SLI, we also want to bring attention to the electrolyte
influence at the SLI.130–136 The pH of the electrolyte is one
important parameter affecting the molecular absorption cap-
ability at the SLI.131,133 Li et al., used IrOx as a model system to
demonstrate that IrOx shows 6.5 times higher OER activity in

4.0 M KOH than 0.1 M KOH due to the stronger OH�

adsorption.132 They further pointed out the adsorption and
interaction OH� would also be affected by using different
cations at the same pH.132 They found that the Na+ would help
in forming a stronger noncovalent interaction with OH than K+

to decrease the interfacial OH� mobility, which worsens the
OER performance.132 In addition, Waegele et al. recently
reviewed that the electrolyte cation can change the electric
double layer, reaction rates, and selectivity a lot by influencing
the SLI.136 Moreover, the anion would also affect the surface
absorption and restructuring at the SLI.130,133 Arminio-Ravelo
et al. studied the SLI by using standard Ir-based nanoparticles
in two different acid electrolytes (H2SO4 and HClO4). They
found that Ir black nanoparticles are likely to be oxidized faster
in H2SO4 than in HClO4 which causes Ir to be less active in
H2SO4 than HClO4.

133

When moving from electrocatalysts to the electrode–electro-
lyte SLI in liquid–electrolyte-based batteries (LEBs, such as
lithium/sodium ion batteries, aqueous batteries, multivalent
batteries, and dual-ion batteries), the interfacial processes
become more complicated.137–146 For electrocatalysts, although
charge-transfer induced changes such as molecule adsorption/
desorption dominate at the SLI, there is little or no reaction
between the electrocatalyst and the electrolyte.19,29,147 However,
since both ion and electron transfers take place at the SLI in the
LEBs, electrodeposition and interfacial transformation could
also be induced in addition to interfacial restructuring dis-
cussed in electrocatalyst systems.93,148,149 For example, the
well-known SEI in lithium–ion batteries is a product from these
complex interfacial processes, which involve the decomposition
of the electrolyte, electrodeposition of the reaction products on
lithium metal or graphite anodes, and interfacial restructuring
at the anode side.150 Studies on SEIs have been carried out for a
long time but limited progress has been achieved due to the
difficulties in detecting the dynamic formation of thin inter-
facial layers that contain mostly light elements. Until recent
years, with the application of advanced cryo-electron micro-
scopy and synchrotron X-ray scattering,11,151–154 researchers
can study the SEI, either quasi-in situ at the frozen state or
completely in situ and obtain the structural and compositional
information at the atomic-scale. These studies have shown that
the SEI is composed of both crystalline and amorphous struc-
tures and contains not only LiF but also LiH. In addition to
lithium-ion batteries, the SEI is also an important component
in other LEBs.25,155–157 Ko et al. reported a SEI formed at the
anion-derived solid electrode and liquid electrolyte interface,
which would decompose or dissolve in the free (or uncoordi-
nated) water molecules but can be retained stably in the water-
in-salt electrolyte.92 This SEI is critical as it can expand the
operating voltage window in aqueous batteries and suppress
the side hydrogen evolution reaction.92 Furthermore, Munster
et al. found a SEI consisting of the degradation products of
bis(fluorosulfonylimide) (FSI) salt at high concentrations in
potassium dual-ion batteries.148 The SEI formation would sup-
press the degradation of the solvent during potassium (de)in-
tercalation and reduce the charge transfer resistance.148

Fig. 6 XAS results of Ir1Co13.3O20.1. In situ Ir L-edge (a) XANES and
(b) EXAFS under various reaction potentials. Fourier transfer EXAFS fitting
of in situ Ir during the reaction: (c) R-space and (d) k-space. The average
coordination number of Ir–O–Co during the OER (e). The Ir–O bonding
distance and the average coordination number of Ir–O during the
OER (f).125
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Comparatively the cathode–electrolyte interphase (CEI) is
easier to study. The CEI is formed on the oxide (e.g., LiCoO2)
surfaces which can be studied not only on powders using
advanced techniques such as cryo-electron microscopy but also
on thin film model systems with well-defined surfaces.158 Lu
et al. grew LiCoO2 (LCO) microcrystals on Al substrates and
used in situ atomic force microscopy (AFM) to investigate the
surface morphology. They found that the LCO would react with
the liquid electrolyte (LiPF6) and Co will continue dissolving
into the electrolyte at higher voltages above 4.2 V.150 They also
found that when adding a thin Al2O3 layer on top of LCO, the
reaction between LiCoO2 and LiPF6 can be suppressed.150

Interestingly Al2O3 is neither Li+ conducting nor electron con-
ducting. Therefore, a lot of efforts have been focused on
understanding how such material can be beneficial for inter-
facial progress.9,10,159–161 Particularly, our group developed a
facile synthesis protocol via the sol–gel method to coat Al2O3 on
a commercial LCO surface and investigated the thickness-
dependent effects on the battery performance.62 It turned out
that a very thin layer (50 nm or less) has good mechanical
flexibility and does not block Li+ diffusion at the SLI. By
employing XAS, we showed that unprotected or incompletely
covered LCO would react with the Li ions to form Li2O and
reduce LCO to Co, thus causing the degradation of both the
electrode and electrolyte.62 In contrast, a thick Al2O3 coating
would affect the ionic and electronic conductivity, which
increases the transportation resistance and decreases the over-
all battery performance.62 This surface coating strategy has
been successfully applied on cathodes and anodes in batteries
to prevent unwanted interfacial reactions at the SLI, and can be
extended to other electrode–electrolyte interfaces to improve
the interfacial stability.

Besides the formation of an interphase at the SLI, ionic
diffusion across the interface is another important interfacial
process in LEBs. The host structure at the electrode can
strongly influence the ionic diffusion at the SLI, as demon-
strated by the LiMn2O4 (LMO) cathode that can take up two Li+

at the maximum but in a commercial battery cell, it is only
cycled with one Li+ to maintain the structural stability.162 To
figure out ways for improving the energy capacity of LMO, Chen
et al. used thin films to obtain epitaxially grown LMO. The
lattice confined structure enables the capability of LMO to host
two Li+ without any phase transition, which is confirmed by
in situ and operando X-ray reflectivity and XRD during Li
insertion and extraction.162 They further found that no measur-
able Mn dissolution/loss during the Li insertion but dramatic
Mn loss during the deeper discharge causing by the lattice
strain change of LMO, which provides new insights into how to
improve the capacity while maintaining the stability of LMO.162

The strategy of using lattice confinement has been applied in
multivalent batteries as well. The MgO substrate to induce
strain, high-temperature high-pressure phase of cubic
MgMn2O4 (MMO) has been synthesized at room temperature
as the thin film electrode.163,164 Different from powder MMO
with the tetragonal structure that is hard to intercalate Mg2+,
the cubic MMO thin film can be reversibly inserted/extracted

with Mg2+,4,165 which can be attributed to the improved ionic
diffusion in the bulk and also at the SLI compared to the MMO
polymorph. Another consequence of the ionic diffusion at the
interface is the result of electrodeposition, or so-called dendrite
formation at the metal anode. It has been shown that the
dendrite can short the battery and cause safety issues. However,
to increase the energy density (e.g., towards 500 kW kg�1) of
batteries the use of metals as anodes is necessary. The control
of the dendrite formation at the metal anode and the inhibition
of unwanted ionic diffusion at the SLI thus become challenging
problems.1 Numerous methods have been proposed to sup-
press, regulate and eliminate the dendrites in LEBs.166–170 In
particular, our group, in collaboration with the Yang group at
the University of Central Florida, developed ZnMn alloys
(Fig. 7a) that can achieve consistently superior performance
at a high current density (80mA cm�2) over thousands of cycles
(Fig. 7b) under harsh electrochemical conditions, including
testing in seawater-based aqueous electrolytes as the anode in
multivalent aqueous batteries.2 The alloy anode is synthesized
by an electrodeposition method that involved initiating the
growth on the electrode surface leading to clusters of alloy
deposits which then combine to form a 3D structure. The in situ
optical visualization (Fig. 7a) coupled with finite element
analysis confirmed that such a structure at the SLI allows Zn
to deposit easily inside the nano-voids, thus avoiding the
dendrite formation. These voids also allow other cations such
as Mg2+ and Na+ in the seawater to adsorb.2 Furthermore, the
Zn ions would have a much faster deposition rate in the trench
than that at the protruding region, which also minimized the
dendrite formation (Fig. 7).2 With the help of XAS imaging
(Fig. 7c–e), the reversible changes of the anode in the charged

Fig. 7 (a) Schematic illustration of the in situ optical visualization experi-
mental setup. (b) Schematic illustration of Zn plating processes on the Zn
anode (top) and Zn–Mn anode (bottom). (c) Long-term galvanostatic
cycling performance of symmetric Zn–Mn and pristine Zn cells at a current
density of 80mAcm�2 (areal capacity: 16mA h cm�2; electrolyte: 2 M
ZnSO4 in seawater). Wavelet transform of Mn K-edge EXAFS for the
(d) pristine Zn–Mn anode, (e) fully discharged Zn–Mn anode, and (f) fully
charged Zn–Mn anode.2
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and discharged states have been confirmed, suggesting the
effectiveness of the strategy to inhibit the unwanted dendrite
deposition at the SLI. This concept, although demonstrated in
aqueous batteries, can result in a paradigm shift in the design
of high-performance alloy anodes for both aqueous and non-
aqueous batteries which will revolutionise the battery industry.

As seen in the discussion above, the interfacial processes at
the SLI are much more complicated than at the SGI. However,
not all of them lead to damage to electrochemical energy
devices. By understanding the formation and evolution of
interfaces in reactions, one can come up with suitable strate-
gies to promote the positive and/or inhibit the negative inter-
facial processes with improved performance of the whole
system.

Liquid–gas interface

A liquid–gas interface (LGI) is important but sometimes is
ignored in many electrochemical energy devices involving gas
reactants and liquid electrolytes, such as the ORR and OER in
metal–air batteries, ORR and hydrogen evolution reaction
(HER) in fuel batteries, and CO2RR, and nitrogen reduction
reaction (NRR).171–174 For these systems, the dissolution and
diffusion of gas reactants and subsequent reaction intermedi-
ates in liquid electrolytes can affect the overall reaction rates by
changing the concentration of reactants transferring to the
electrocatalysts and electrodes based on the chemical reaction
rate law.175,176 For example, the higher concentration of the
alkaline electrolyte (e.g., 1 M of KOH) can provide more OH�

ions that facilitate the transportation and formation of reaction
intermediates (OH*) in the ORR.177–179 The mass transfer of gas
reactants also depends on the diffusion rate and concentration
that are related to the solubility of the gas. The quantitative
study of the mass transfer in electrochemistry can be obtained
using the Levich equation, where the Levich reaction current
(or the limited current) depends on the diffusion coefficients,
kinematic viscosity, angular rotation rate, and gas concen-
tration. The dissolution directly affects the gas
concentration.180,181 Some studies suggest using ionic electro-
lytes to improve the solubility of the gas in the electrolyte and
then to increase the reaction rate.134,182–184 For example, Git-
tleson et al. systemically studied the oxygen transport in the
electrolyte with both experimental and computational
techniques.184 Their results indicate that electrolyte salts would
affect the oxygen solubility (i.e. large anions such as TFSI� and
BETI�increase oxygen solubility compared with smaller anions
such as BF4

�), and the solvents of the electrolyte have an
influence on the oxygen diffusivity. Besides the gas concen-
tration, all the three left parameters (diffusion coefficients,
kinematic viscosity, and angular rotation rate) influence the
diffusion rate. For most inorganic electrolytes such as 1 M KOH
solutions, 1 M KHCO3 solutions, and 1 M H2SO4 solutions used
in energy devices mentioned above, the solubility of gases (e.g.,
O2, CO2, and H2) in these electrolytes is low, and the diffusion
coefficient and kinematic viscosity are constant. One way to

improve the mass transfer is to increase the flow rate of the
liquid containing the dissolved gas reactants to the electrodes.
In rotating disk electrode experiments, this can be achieved by
changing the electrode rotation speeds, and in practical fuel
cell and metal–air devices, the flow electrolyte cell design can
help.185–188 Since the diffusion coefficient and kinematic visc-
osity are physical constants determined by the electrolyte itself,
not many studies in electrocatalysis focus on them since the
change of the electrolyte may also induce the change of
electrolyte/electrode interfaces, thus making the system more
complicated.

Solid–solid interface

A solid–solid interface (SSI) is commonly found in many thin
film devices such as semiconductor electronics. The epitaxial
growth of oxides leads to a heterostructured SSI that can be
used as a model system to study electrochemical reactions such
as batteries and catalysts.86,163,164,189–193 In the SGI portion of
this Feature Article, we have discussed a special solid–solid
triple-phase boundary that involves ionic diffusion, charge
transfer and restructuring at the electrolyte–cathode–gas inter-
face. Here we will mainly focus on the SSI in energy storage
systems, particularly solid-state batteries (SSBs),194–198 which
use non-flammable solid-state electrolytes (SSEs) instead of
flammable liquid state electrolytes (LSEs). The advantages of
using SSBs lie in not only their better safety than commercial
LIBs, but also their compatibility with the lithium metal anode
to suppress the dendrite formation and gain high energy
density.3,199–201 Hence, SSBs are one of the most promising
next-generation energy storage systems to replace LIBs and
have attracted a significant amount of attention from both
academia and industry.3,199–205 Since repeated operations are
needed to run SSBs, a high mechanical modulus and chemical
stability for each component are required, and in particular, for
the SSIs that connect two dissimilar materials. However, main-
taining high stability at SSIs is challenging due to the inevitable
restructuring and possible side reactions at these interfaces.
Some investigations have also found that SSBs still suffer from
lithium dendrite formation, which causes an electric short and
in turn shortens the cycle life of batteries.206,207 The improve-
ment of the interfacial properties at the SSI becomes one of the
most urgent tasks in the battery community. Like the SEI in the
SLI in LIBs, the formation of an interphase layer at the solid
electrode–electrolyte interface has recently been treated as a
successful strategy to suppress the formation of dendrites and
maintain SSI stability. Zhang et al. reported that the in situ
formed nanoscale interface layer between novel poly(vinylidene
difluoride) (PVDF)-based solid electrolytes and the Li anode
leads to an open-circuiting feature instead of short-circuiting at
high current density and avoids the risk of over-current, which
can suppress the Li dendrite growth.208 Besides the in situ self-
formed SSI layer, Hou et al. demonstrated that a LiF- and Li3N-
enriched artificial SSI constructed by an ex situ electroplating
method209 could stabilize the metallic Li anode and improve
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the interface compatibility at the Li anode side to suppress the
dendrite formation.209

Numerous studies have shown ways to modify and improve
the chemical and mechanical properties of the SSI. However,
relying on trial-and-error methods to design a stable SSI is not
trivial and rational. It is essential to first understand the
interfacial processes at the SSI including the formation of Li
dendrites, the reactions and charge-transfer induced transfor-
mations. For example, to study the Li dendrite formation at the
anode surface during cycling (Fig. 8), Golozar et al. used the
in situ SEM combined with energy-dispersive spectroscopy
(EDS),210 and observed an apparent morphological change in
the solid polymer electrolyte (SPE) when cycling the battery,
which was believed to be the decomposition and degassing of
the polymer electrolyte (Fig. 8).210 When increasing the cycling
time, the dendrites were formed in the polymer regions causing
further decomposition of the electrolyte at the SSI, or some
reactions between Li and the electrolyte (Fig. 8).210 They
pointed out that the morphological change on the electrolyte
caused by Li or decomposition interactions would be the
problem for further Li dendrite growth and then the failure
of the battery.210 Moreover, Wang et al. applied time-resolved
EIS and ultrasensitive 3D chemical analysis from time-of-flight
secondary-ion mass spectrometry (ToF-SIMS) to study the intri-
cate SSI and directly visualize the dendrite structures.211 The
results indicated that the electrolytes react with the metal
electrodes at varying degrees upon contact, which is in contrast
to the traditional options that dendrites were formed only

during charging/discharging processes.211 These formed inter-
phases widen the electrochemical window, but their electronic
and ionic conductivities determine the battery performance
and have a large influence on dendrite growth.211 Based on
the experimental results, they carried out thermodynamic
analysis of the interphase, and showed that an interphase with
low electronic conductivity, high ionic conductivity, good
chemical stability, a dynamic thickness and uniform coverage
is good to prevent dendrite growth.211 They also pointed out
that a relatively stable electrolyte with a metal anode promotes
fast dendrite growth. Hence, the general search for chemically
stable electrolytes helps improve the performance of SSBs.211

In addition to the dendrite formation at the anode–electro-
lyte interphase (AEI), the interfacial reactions between SSI and
ions (e.g., Li+) can form a passivation layer in polymer-based
electrolytes or an unstable interphase in sulfide-based electro-
lytes, thus affecting the SSB performance. Since lithium is a
highly reductive metal, it can quickly extract hydrogen from the
polymers or break the polymer backbone to form Li–O–R (R:
organic groups such as OCH3) types of compounds.212,213

Granvalet-Mancini et al. used atomic force microscopy (AFM)
to show the formation of a passivation layer and attenuated
total reflection Fourier transform infrared (FTIR) spectroscopy
to detect the presence of CF3 radicals in this passivation
layer,214 which has lower ionic conductivity and is bad for
battery performance. One solution for preventing side reactions
at the SSI is to either in situ form or ex situ add an artificial
stable layer at the AEI.215–218 Li et al. grew a Li3PO4 thin film
layer as an artificial AEI during the Li deposition/dissolution
process.217 The Li-conducting Li3PO4 layer can effectively
reduce the side reactions between the Li anode and polymer
electrolyte.217 Besides creating a stable AEI, Zhang et al. devel-
oped a superior blend solid polymer electrolyte with integrated
hierarchical architectures, which exhibits high ionic conductiv-
ity and good thermal stability.216 Due to the unique structure
and composition, a stable blend polymer and Li interphase
were formed at the SSI, avoiding side reactions to form a
passivation layer.216 Similarly, sulfide-based electrolytes suffer
from a similar situation to polymer electrolytes. Once the Li
anode encounters sulfide-based electrolytes, side reactions
could occur to form the decomposition products such as Li2S,
unstable Li3P, LiX (X = Cl, Br, I), and other compounds with
remaining elements (Si, Ge, Sb, As, and Sn).213,219–221 Zhu et al.
performed a first-principles study to estimate the decomposi-
tion energies of different solid electrolytes and suggested that
Li10GeP2S12 (LGPS) would decompose into Li3P4, Li2S, and
Li15Ge4, and Li3PS4 would decompose into Li3P and
Li2S.

194,222 Later, Wenzel et al. utilized in situ XPS to experi-
mentally determine the compositions of the interphase during
the electrochemical measurements.223 They found that
Li10GeP2S12 decomposed to Li3P4, Li2S, and some Li–Ge alloys
(Fig. 9), which is in perfect agreement with the theoretical
predictions.223 Clearly, the compositions at the anode–electro-
lyte interphase depend on the electrolytes (e.g., Li2S from
Li3PS4

224) and if the interphase is evitable, it should be formed
with properties close to an ideal AEI with only Li–ion

Fig. 8 SEM images of the polymer and (g) schematic showing dendrite
growth. SEM images. (a) After 3 days of cycling (scale bar representing
50 mm), (b) after 7 days of cycling (scale bar representing 100 mm), (c) after
9 days of cycling (scale bar representing 50 mm), and (d) after 13 days of
cycling (scale bar representing 50 mm). (e) High magnification of the red
box in image (c) (scale bar representing 20 mm), and (f) high magnification
of the red box in image (d) showing the morphological change on the SPE
(scale bar representing 20 mm). (g) Schematic of the dendrite formation
and the effect of SPE melting on further dendrite growth.210
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conductivity but no electron conductivity to block further
reactions at the interface.225,226 An unstable AEI with both Li-
ion and electron conductivities will cause a continuous reaction
between the lithium metal and the sulfide-based electrolyte,
consuming both materials and reducing the cycle life of the
SSBs.225,226 Similar work is carried out to improve the stability
at the Li metal and polymer electrolyte interface.219,227 For
example. An artificial AEI layer that only conducts Li-ions with
high compatibility to Li metal can be introduced to improve the
interface stability.227,228 Simon et al. came up with a stable solid
polymer electrolyte as a protection layer between the Li anode
and Li6PS5Cl electrolyte. The XPS results confirmed that the
polymer would form a durable interphase layer with Li6PS5Cl,
consisting of polysulfides and LiF. The low resistance and easily
formed layer protected Li6PS5Cl from decomposition.229 One
has to be cautious that the interfacial reaction and dendrite
growth can take place at the same time. Once the Li anode
reacted with the electrolytes or grew into Li dendrite, it may
recede a few microns, causing a worse connection between the
anode and electrolyte. Therefore, strong adhesion or surface
modification between the Li anode and electrolyte is a standard
solution to ensure a good connection.213

Another SSI in SSBs is the cathode–electrolyte interface,
which has less issues for Li dendrite formation. However, there
are also ionic diffusion and charge transfer at such an interface
to form a CEI. Similar to the AEI, the cathode and electrolyte
interfaces are mechanically rigid and can become unstable with
an interphase layer during battery charging/discharging

processes.230–232 An interphase is predicted by the theoretical
calculation and confirmed by XPS to form at the LiCoO2/LiPON
interface.194,233,234 Later, Wang et al. conducted in situ scanning
transmission electron microscopy (STEM) coupled with elec-
tron energy loss spectroscopy (EELS) and revealed a disordered
interfacial layer between LiCoO2 and LiPON that accumulates
Li and evolves to rocksalt CoO after cycling (Fig. 10a–f).235 This
CEI could be caused by the cathode reacting with the highly
delithiated LiPON.235 The increasing thickness of this layer
would lead to a rapid capacity decay as more of the cathode will
be rendered electrochemically inactive.235 Generally, a CEI that
allows both electron and ion transfers is very unstable and can
cause continuous reactions of the electrolyte and the
cathode.194,232 Zhang et al. also found that the LiCoO2/
Li10GeP2S12 interface was quite unstable and degraded during
battery operation.236 They used XRD to show the decrease of the
grain size of the cycled LiCoO2, which worsens the connection
between the cathode and electrolyte (Fig. 10g–i).236 Their EIS
and XPS results suggested that the decomposition products are
a mixed electronic and ionic conductors, which allows for
further oxidization of the electrolyte (Fig. 10g–i).236 In some
cases, the CEI could conduct both Li and other ions, and
subsequently leads to additional side reactions. Groh et al.
demonstrated that Fe ions can diffuse through the LiFeO4/
Li3+xP1�xSixO4 layer and react with the Li3+xP1�xSixO4

electrolyte,237 which produces LiFePO4–Fe2SiO4 and Li3PO4–
Li2FeSiO4, causing capacity fading.237 While in other cases,
CEIs are just passivation layers with high resistance due to
bad ionic and electronic conductivity.230–232,238,239 As demon-
strated by Kim et al. that Li7La3Zr2O12 would react with the
LiCoO2 to form an interphase layer (around 50 nm

Fig. 9 S 2p, Ge 3d, and P 2p XPS spectra and model fits for the pristine
LGPS sample and after deposition of the 31 nm Li metal. The identified
species are marked and labelled in different colors. The small oxygen
signal is caused by tiny fractions of oxygen in the atmosphere of the XPS
chamber.223

Fig. 10 STEM image and EELS characterization. (a–c) High-angle annular
dark-field image of the nanobattery stack along with the Li K-edge
concentration mapping of (a) pristine, (b) ex situ, and (c) in situ samples
with scale bar representing 200 nm. (d–f) Li K-edge spectra from various
parts of the layers are displayed for (d) pristine, (e) ex situ, and (f) in situ
samples.235 Schematic description of three possible situations occurring in
a model SSBs with LiCoO2 as the active material and LGPS as the solid
electrode. (g) The ideal case: intimate contact between the SE and
c-LiCoO2, and no mutual reaction or decomposition of the SE. (h) Contact
loss due to volume changes or failures during preparation. (i) Decomposi-
tion of the SE at high voltages, forming a Li+-depletion layer, thereby
inhibiting Li+ mobility.236
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thickness).240 TOF-SIMS confirmed that the interphase consists
of Al, Zr, La, and Co, affecting the initial Coulombic efficiency
and cycle life.240 To solve the instability of the CEI or prevent
side reactions at the interface, a similar strategy to that used for
the AEI was applied by introducing an artificial SSI or a
protecting layer on the cathode.213,241 For instance, the poly-
acrylonitrile (PAN)-based gel can soften and wet the cathode–
electrolyte interface to reduce the internal resistance of the
whole battery.242 Li2CoTi3O8 was designed as an artificial SSI
between LiCoO2/Li10GeP2S12 with high interfacial affinity due
to thermodynamic and electrochemical compatibility with both
the cathode and electrolyte, thus enabling excellent cyclability
for the SSBs.243

In the examples shown above, various interfacial processes
take place at the SSI, which can lead to all kinds of interphases
with different compositions and morphologies. It is essential to
understand these processes, particularly during battery opera-
tion, and establish the structure–property relationship to guide
battery design. Advanced characterization methods are neces-
sary for in situ studies. In addition to lab-based tools such as
XPS, TEM, EELS, and ToF-SIMS, synchrotron X-ray scattering,
spectroscopy and imaging techniques bring unique capabilities
for studying the buried solid–solid interfaces to provide infor-
mation related to the atomic as well as electronic structure,
composition and morphology of the materials.244,245 Insights
obtained from these studies can further help in the develop-
ment of stable SSIs for high performance SSBs.

Summary and perspective

The increasing demand for energy and high environmental
standards of carbon neutral emission requires the development
of green, sustainable energy storage and conversion devices.
Electrochemical energy systems, due to their zero or negative
carbon emission, have emerged as promising candidates. How-
ever, to enable large-scale applications, their performances
must be further improved, which lies in the reduction of
unwanted side reactions and products to achieve high effi-
ciency and good stability. A lot of issues have been identified
at interfaces which are key components in these systems as they
connect the electrodes and electrolyte together. Improvement
in the electrode–electrolyte interfaces can lead to the advance-
ment of the whole systems. Therefore, we review and discuss
various interfacial processes, including electron/charge trans-
fer, ionic transfer, surface reconstruction and adsorption/
desorption, at three interfaces, namely solid–gas, solid–liquid
and solid–solid. Owing to their unique combinations, repre-
sentative electrochemical energy systems are chosen and illu-
strated accordingly. The three interfaces change differently and
can have either positive or negative effects on the performance
of electrochemical energy devices. Hence, we should deal with
the interfaces case by case. For solid–gas interfaces, the gas
adsorption is the first step of all interfacial processes. The
construction of beneficial interfaces (e.g., DPB and TPB) must
have an effective function to facilitate the adsorption, diffusion, and

reaction of gas molecules. Considering the ionic and electron
transfer associated with the reactions at the solid–gas interfaces,
the electrodes are preferred to be the mixed ionic and electronic
conductors while the electrolyte is only allowed to conduct ions. The
DPB and TBP should be able to tolerate the structural and composi-
tion changes induced by gas/ion diffusion and interactions. For
solid–liquid interfaces, charge-transfer and ion-transfer are two
major processes that can result in various unwanted or desired
interfacial changes such as adsorption/desorption of reaction inter-
mediates, surface restructuring and deposition. In electrocatalysis,
charge-transfer is related to the electronic structure at interfaces.
Tuning the proper electronic structure (e.g., metal d-band center
and oxygen p-band center) can achieve optimal adsorptive power for
reaction molecules or intermediates with less undesired surface
restructuring. In liquid–electrolyte-based batteries, ion-transfer is
the dominant process that can lead to interfacial restructuring and
the formation of interphases, which sometimes are facilitated by the
charge-transfer process and are quite complicated. Although the SEI
is known to be beneficial for lithium–ion batteries, it is not always a
good interphase in other batteries such as multivalent batteries. If
the interfacial restructuring is inevitable, one shouldmake sure that
the formation of interphase(s) can only permit ion-transfer instead
of electron-transfer at the solid–liquid interfaces in batteries and
maintain the structural stability during ionic diffusion through the
electrodes. For solid–solid interfaces, themajor effort right now is to
reduce the interfacial resistances and metal dendrite formation in
solid-state batteries. Promising results have been achieved by
modifying and improving the chemical and mechanical properties
of solid–solid interfaces so that the ion-transfer and electron
transfer can result in less undesired interfacial restructuring. Of
these interfaces, we only review limited examples, and in most
cases, these interfacial processes are coupled together, and compli-
cated changes are induced at electrode–electrolyte interfaces.
Besides reviewing what occurs at these interfaces, we also discuss
strategies to modify the interfaces for desired properties. In addi-
tion, we emphasize the importance of in situ and operando char-
acterization methods, particularly synchrotron X-ray techniques, in
understanding these interfacial processes during the operation of
the electrochemical energy systems. The goal of future studies of
complex interfacial processes is to establish a clear structure–
property relationship that can link changes at the electrode–electro-
lyte interfaces to the overall performance at the device level, thus
providing guidance to advance the technology of electrochemical
energy storage and conversion systems to meet the requirements of
society development.
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