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Tailoring Interfacial Structures to Regulate Carrier Transport

in Solid-State Batteries

Zhikang Deng, Shiming Chen, Kai Yang,* Yongli Song,* Shida Xue, Xiangming Yao,

Luyi Yang,* and Feng Pan*

Solid-state lithium-ion batteries (SSLIBs) have been considered as the priority
candidate for next-generation energy storage system, due to their advantages
in safety and energy density compare with conventional liquid electrolyte
systems. However, the introduction of numerous solid-solid interfaces results
in a series of issues, hindering the further development of SSLIBs. Therefore,
a thorough understanding on the interfacial issues is essential to promote the
practical applications for SSLIBs. In this review, the interface issues are
discussed from the perspective of transportation mechanism of electrons and
lithium ions, including internal interfaces within cathode/anode composites
and solid electrolytes (SEs), as well as the apparent electrode/SEs interfaces.
The corresponding interface modification strategies, such as passivation layer
design, conductive binders, and thermal sintering methods, are
comprehensively summarized. Through establishing the correlation between
carrier transport network and corresponding battery electrochemical
performance, the design principles for achieving a selective carrier transport
network are systematically elucidated. Additionally, the future challenges are
speculated and research directions in tailoring interfacial structure for SSLIBs.
By providing the insightful review and outlook on interfacial charge transfer,

However, potential safety issues hinder
their practical application in electric vehi-
cles due to the flammability and volatil-
ity of organic liquid electrolyte.*7! Be-
sides, the fast-growing markets of EVs
and grid-scale energy storage devices re-
quire high-energy density batteries, as
well as excellent safety.®] Therefore, solid-
state lithium ion batteries (SSLIBs) have
emerged and become the most promis-
ing candidates for next-generation energy
storage system.[>12] SSLIBs equipped with
non-flammable and stable solid electrolytes
(SEs) have circumvented the most safety
issues in LIBs. For instance, organic lig-
uid electrolytes are prone to evaporate at
temperatures higher than 60 °C, leading
to the expansion of pouch cell and ir-
reversible degradation of batteries.['*! By
contrast, SEs exhibit the high thermal
stability (300~800 °C), which avoids the
occurrence of thermal runaway.'*] Fur-

the industrialization of SSLIBs are aimed to promoted.

1. Introduction

The present conventional lithium ion batteries (LIBs) with liquid
electrolytes have been widely used for portable electronics./'-!
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thermore, SEs show a relatively wider

electrochemically window compared with

that of liquid electrolytes which facilitates
the application of electrodes with much higher energy density.['°!
Extensive efforts have been made to design and synthesize SEs,
including inorganic solid electrolytes (ISEs) and organic-based
polymer solid electrolytes (SPEs). Compared with SPEs, [ISEs—
such as LISICON-type, NASICON-type, perovskite-type, garnet-
type, halide-type and sulfide-type, exhibit higher ionic conductiv-
ities of #1072 S cm™! at room temperature. However, they also
suffer from more serious interface issues, which are the primary
focus of this review.

In fact, liquid electrolytes could permeate into the whole elec-
trodes and separator readily, establishing effective and percola-
tive ion transport network among cathode and anode. However,
these beneficial liquid-solid interfaces become solid-solid inter-
faces when the liquid electrolyte and porous separator are re-
placed by SEs. Rigid and insufficient contact between active ma-
terials and SEs will hinder the Li* diffusion and decrease the
rate capacity, which will be aggravated if the cracks formed ow-
ing to the localized stress during electrochemical cycling.[*] Un-
desirable electron (e”) transfer at the electrode/SE interface will
trigger chemical side reaction and the resulting formation of
the inactive decomposition interlayers, leading to high interfacial
resistance and even structural collapse of cathodes.'”"18] More-
over, the localized current density gradient on the grains and the
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Figure 1. Schematic illustration of various interface issues in SSLIBs.

interface of Li metal and SEs may trigger lithium dendrite growth
and internal short-circuit.[') The extensive commercialization of
practical solid-state batteries is impeded by various interfacial
problems (summarized in Figure 1). Evidently, the interfaces in
SSLIBs involve complex charge carriers (i.e., Lit and e”) trans-
port mechanism. Hence, an in-depth understanding on interface
evolution process is indispensable on the performance optimiza-
tion of SSLIBs.

Herein, we categorized the multi-scale interfaces of SSLIBs
into internal interfaces (interfaces within composite electrode
and SEs) and apparent interfaces (interfaces between compos-
ite electrodes and SEs). Based on the issues related to carrier
transport at various interfaces, a systematic review of interfacial
modification strategies is conducted. The physicochemical pro-
cesses and interfacial interaction mechanisms during cycling are
discussed in detail. Additionally, the optimization strategies and
design principles of SSLIBs were further elucidated, aiming to
achieve a robust carrier (i.e., Li* and e”) conductive network.
Meanwhile, the perspectives on thick electrode design, manufac-
turing technology and interfacial optimization/characterization
are proposed for the future development of SSLIBs, offering fun-
damental guidance toward commercial applications.

2. Internal Interfaces within SEs

Different from liquid electrolytes, the SEs are mostly inhomoge-
neous with grain boundaries (GBs) which frequently exhibit un-
desirable characteristics such as low ionic conductivity, high elec-
tronic conductivity, and poor mechanical strength. The presence
of voids and gaps among the grains generates an extra obstacle
for the transport of Li*, resulting in the reduced ionic conductiv-
ity and the agminated Li* at these boundaries.?°l Moreover, the
GBs of some SEs (e.g., Li;La;Zr,0,, (LLZO)), exhibit a high level
of electron conductivity, enabling e~ along the boundaries to cou-
ple with Li*, leading to the reduction of Li* ions to Li’, strongly
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Interfaces in solid electrolyte (SE)

perturbing the electronic structure and causing the growth and
spread of lithium dendrites along the GBs.[2! Therefore, con-
structing a rapid ionic conductive network while suppressing e~
conduction in SE is highly desirable.

2.1. Li* Diffusion on Grain Boundaries

The ionic bulk conductivity for some of the SEs is suf
ficiently high for actual application (LijLa,;,TiO; (LLTO),
Li;,ALGe,,(PO,), (LAGP), Li, ALTi,,(PO,); (LATP))2]
however the total ionic conductivity is actually orders of magni-
tude lower due to the poor GBs conductivity. GB is present when
two particles with different orientation in polycrystalline samples
contact. In addition, space-charge layers are usually formed at the
GBs under two scenarios:[>*! (1) the different conduction prop-
erties of Li* and the potential barrier effect of the GBs, which
results in Li* accumulating close to the GBs; (2) the different
conduction properties of e~ at the GBs, causing e~ accumula-
tion (Figure 2A). The space-charge layer might greatly suppress
the ionic conductivity at the interface and result in a high migra-
tion energy barrier (Figure 2B) in these areas.[?>%%! For instance,
in LLZO-based SEs, GBs contributions to the total resistance are
close to 50% at different temperatures.[?’] For LLTO, it was found
that most GBs comprised severe structural and chemical devi-
ations at atomic-scale, especially the depletion and restriction
the transport of the charge carrier Li* greatly increased the GBs
resistance.[?2?8] While in NASICON-type LAGP and LATP, the
origin of the GBs resistance is generally caused by the irregular
arrangement of GBs atoms and the generation of insulating im-
purity phases.[?-3! However, it is sometimes difficult to achieve
both high relative density and GBs ionic conductivity in LATP
due to the insufficient sintering conditions, ultra-high temper-
ature (above 1000 °C) and suboptimal grain (non-optimal grain
size and impurities at the GBs).32!
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Figure 2. A) Two scenarios of the space-charge layer forms at the GBs, ®@ represents Galvani Potential. B) Energy barrier and variation in Li* concentration
throughout the GB. The activation energies in grains and GBs are denoted as E, and Egg, respectively.

Different strategies have been developed to increase the ionic
conductivity in GBs by improving bulk microscopic anisotropic
properties such as grain size, shape, orientation, and porosity dis-
tribution of the SEs as such. (1) Controlling the size and orienta-
tion of the grains can influence the roughness at the interface and
the microscopic characteristics (e.g., stress distribution) through-
out the bulk (Figure 3A).0*] In that case, a heating densification
technique (1100 ~ 1300 °C) and e~ backscatter diffraction were
adopted to control the grain size of LLZO while obtaining opti-
mal grain size and orientation. The increased grain size reduced
the GBs area and hence the number of probable failure points,
thereby improving the consistency of SEs.34l (2) Li* transport
across the GBs usually forms a space-charge layer, which results
in a high migration energy barrier in these areas. Reconstruc-
tion of the GBs interface with high-conductive amorphous do-
mains can solve this problem. The amorphous layer creates extra
vacant sites for Lit, preventing the accumulation of Li* at the
GBs, effectively reducing the potential barrier, and finally signif-
icantly enhancing the ionic conductivity.*>*¢! (3) The anisotropy
of grains creates a potential barrier that hinders the movement
of Li* through grains, and this barrier cannot be altered by
high-temperature sintering.®”) Therefore, some isotropic glass
additions like lithium boron oxide with good wetting properties
can be introduced to coat the pores and fill the grain, facilitat-
ing the movement of Li* along the electrolyte grains and over
the SEs/electrode while minimizing the conduction barrier.[83]
(4) Developing efficient sintering strategies to prepare SEs with
dense microstructures and excellent conductivity. For example,
sintering with hot pressing can improve grain-to-grain adhesion
and minimize GBs impedance.[*°] Besides, the addition of sin-
tering agents such as Al,O;, which can eliminate Li,CO, at GBs
by promoting the decomposition, enhance the sintering process,
and establish a rapid Li* conducting network along the GBs
with the concomitant product LiAlO,, results in a substantial
increase in the ionic conductivity of SEs (Figure 3B).*!) Other
special synthesis techniques, like spark plasma sintering, use
this technology to create high-density SEs with excellent electro-
chemical performance (ionic conductivity, electrochemical stabil-
ity) at relatively low synthesize temperatures and short process-
ing times.[*?] (5) Except for sintering techniques, the coprecip-
itation method** and sol-gel process!**! could also be effective
strategies to prepare LATP. Through precursor selection and op-
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timization of synthetic routes, GB and impurity formation can be
reduced.

2.2. Electron Diffusion on Grain Boundaries

Previous results have already indicated that garnet SEs (e.g.,
LLZO) usually have a low critical current density (CCD)!*>¢] and
high electrical conductivity.*”! CCD can be defined as the high-
est current density when SSLIBs go through internal short-circuit
and the propagation of the lithium dendrites within the SEs.[*®] In
contrary to the intuitive concept that mechanically hard SEs could
suppress the lithium dendrites, short circuit occur in SSLIBs
under even lower current densities than liquid electrolyte-based
batteries.[* Ideal SEs are expected to possess high ionic conduc-
tivity and low electrical conductivity, however, recent studies have
shown that the low CCD is highly correlated to the high elec-
tronic conductivity at the GBs, where Li* are reduced by e~ to
form metallic Li.[?] In addition, first-principles investigation was
also adopted to find the reason for the high electronic conductiv-
ity at the LLZO GBs. It reveals that the excess e~ show strong
affinity to be localized in ZrO; units at the GBs. When apply an
exterior voltage, the extra e~ tend to become delocalized, leading
to a higher electronic conductivity at the GB.>% Furthermore, it
has been widely assumed that the short-circuiting mechanism in
garnet SEs is similar to that in liquid electrolytes, where Li den-
drites first nucleate at the Li/electrolyte interface and propagate
along GBs or through voids between ceramic particles. Our previ-
ous work proposed a model to reveal the short-circuit mechanism
of Li;La, ,5Cay ,5Zr; ;5Nby ,50;, (LLCZN), found that e~ transfer
more easily within the SEs when external electric field exceeds
threshold voltage, which will promote the reduction of the Li*
and the formation of Li° at the GBs as the origin of the internal
short-circuit (Figure 4A).1>!]

To lower the electronic conductivity at GBs and increase
the CCD of SEs, several approaches have been devised. (1) A
grain-boundary electronic insulation strategy is proposed, where
electronic insulation materials that possess extremely low elec-
tronic conductivity and high humidity stability are introduced
in GBs modifications. Poly (ethylene glycol) dimethyl ether
(PEGDME) is chosen as one decoration material to modify the
GBs of Li;PSCls (LPSCI), which can increase the e~ transfer

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1TE.D) 8[edl|dde a1 Ag peuenob a2 Sajofe YO '8sN JO S9INJ 10} ARIq1T 8UIIUO AB[IM UO (SUONIPUOD-PUE-SWSI/LIOY A8 |1 Aleq1pul|Uo//:Sty) SUONIPUOD pue Sws | 189S *[6Z02/TT/6T] Uo Ariqiauljuo AS (1M ‘usyzueys JO umo L AiseAluN Aq £26/0v202 Bwipe/z00T OT/I0p/W00" A8 1M Alelq 1l juo"peoueApe//:sdily Woly papeojumoq '8 'v20Z ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(A)

www.advmat.de

Dendrite

y
Crack deflection

(B)

250 T

—o— Li,COj, = Li,0 + CO, (9)
200+ —o— Li,CO; +Al,04 = 2LiAIO, + CO, (g)]

150 +

100 +

50

A G° (kJ)

-50 4 , oy

-100 | 2% 00 i

-150

0 400 800 1200 1600 2000
Temperature (°C)

&

Crack bridging

Micro-stress distribution

Li,CO,
Y
LLZT Sintering’
4
Viods
Li,CO
. - - /2 3
0
‘LLZT. Sintering
® 9 o_')
N :
. A|203 /(
«® LIAIO,

Figure 3. A) Schematic of the microscopic characteristics (crack deflection, crack bridging, and elastic anisotropy due to varying grain orientation)
throughout the bulk. Reproduced with permission.[*3] Copyright 2020, Elsevier. B) Gibbs free-energy versus temperature curve for decomposition of
Li,CO; with and without Al,Os; lllustration of function of Al,O; additive in sintering process of Lig sLa;Zr; sTag 504, (LLZTO).[41]

energy barrier so that block e~ transport across the LPSCI GBs
(Figure 4B).521 (2) Surface engineering on the surface of SEs such
as the introduction of LiAlO, (Figure 4C),>3] LiF** and Li, PI>]
with interstitial filling capability and low electronic conductivity,
will result in improved insulation properties of SEs and CCD val-
ues. (3) The use of laser annealing and the resulting formation of
amorphous interface with wide bandgap to prevent the entry of
e~ into the GBs (Figure 4D),[®! have been proven to decrease the
e~ transfer. (4) Applying appropriate pressure through a constant
pressure cell architecture can effectively inhibit the increase in lo-
cal current density by reducing the voids (Figure 4E).[’] Besides,
the mechanical constriction technique applied to Li,,GeP,S,,
(LGPS) can not only increase the CCD and inhibit the growth of
lithium dendrites, but also prevent the interface electrochemical
reaction.*®]

3. Internal Interfaces within Electrodes

The composite electrodes of SSLIBs are generally composed of
active materials, electronic conductive agents and SEs. The poor
physical contact of solid particles leads to the large carrier transfer
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impedance which will be aggravated if the cracks formed owing
to the localized stress during electrochemical cycling. Besides,
Li* is transported in a network of active materials and SEs while
e~ is transported in a network of active materials and conductive
agents. The gap between electronic transport network and ionic
transport network hinders the cooperative transport of carriers.
It should be noted that chemical and electrochemical stability of
interface are discussed in detail in the next section. Hence, the
internal interfaces in the composite electrodes need to be regu-
lated rationally to create a percolative carrier transport network
among these particles.

3.1. Internal Interfaces within Cathode

The coexistence of cathode active materials (CAMs), electronic
conductive carbon and SEs in the composite cathode forms
tremendous solid-solid interfaces (i.e., CAMs/SEs interfaces,
CAMs/carbon interfaces and SEs/carbon interfaces), leading to
the large charge transfer impedance (Figure 5A). Besides, the
large local strain at the interfaces between CAMs and SEs could
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of Li formation within LLCZN and how to suppress it through surface coating.[>3] D) Energy band diagrams of grain and GBs of LLZTO. Reproduced
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with permission.[”] Copyright 2023, Elsevier.
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Figure 5. A) Schematic illustration of composite cathode microstructure. B) Schematic illustration of composite cathode failure mechanism. C)

Schematic illustration of composite Si anode failure mechanism.

lead to mechanical failures such as crack formation and de-
lamination due to the phase transformation during the cycling
(Figure 5B). Besides, the problem will be exacerbated in the high
areal capacity (>5 mAh cm™2) cathodes, which suffer the large
contact impedance caused by the point contact between parti-
cles. Hence, it is essential to achieve the intimate physical contact
and sufficient contact area between CAMs and carrier conductors
(e.g., SEs and conductive carbon). In addition, it is also necessary
to ensure the (electro)chemical stability among the CAMs, SEs
and electronic conductive carbon; otherwise, undesired side re-
actions may occur in the cathode.

3.2. Internal Interfaces within Anode

The dramatically rising price of Li mineral and serious security
issues of Li-metal anode impede the development of SSLIBs. Ex-
cept for Lianode, Si-based anode materials hold the advantages of
the ultra-high theoretical specific capacity (1000-4200 mAh g=1),
abundant resources (the second largest in the earth’s crust)
and environmental benignity which are considered as promis-
ing anodes for the next-generation SSLIBs. However, significant
stresses are generated during the lithiation/delithiation process
due to the large volume swing (100~300%), leading to pulveriza-
tion of the anode particles (referred as mechanical pulverization)
and causing the disconnection of electronic/ionic surroundings
(referred as conductive environment decay) in anode active ma-
terials (AAMs). Simultaneously, the freshly exposed surface of
anode particles will surely undergo side reactions with the elec-
trolyte (i.e., sulfide SEs),>*%] the generation of an unstable and
thick solid electrolyte interphase (SEI) layer and ongoing side re-
action with SEs promoted by the carbon additives (Figure 5C). In
addition, the contact area between AAMs and SEs is constrained
within the composite anode, hindering the transportation of e~
and Li*. Hence, building a robust carrier conducting network in
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AAMs could be considered as a general strategy to bridge the gap
between academic research and practical use.

3.3. Physical Contact of Particles

Because of the random distributions of the irregular particles
during homogenate, active material particles (AMPs), SEs and
conductive agents formed nonuniform interface pore structures.
Such pores or voids space formed during composite electrode
preparation will immediately disrupt carrier movement through
interface, making the ionic and electronic transport pathway be-
come tortuous. In terms of morphological structure, the ideal
composite electrode shape would have minimal void and pore
space and sufficient particle contact between SEs and conduc-
tive agents. In spite of this, due to the implications of stiffness
and surface roughness, atomic-level interaction between irregu-
lar heterogeneous particles is practically impossible.

Ensuring tight physical contact between AMPs and SE par-
ticles is key to achieving effective ion transport and high elec-
trode utilization. The rigid physical feature of SEs lead to unsta-
ble point-contact with AMPs which will continue to produce nu-
merous voids.[®!l The point-contact between SEs and AMPs will
lead to sluggish ion transport in the interface regions to increase
the interfacial resistance and hinder the rate performances.[®?!
During cycling, the structures contraction and expansion of par-
ticles might cause more undesirable voids. Gradually, when the
voids congregate to a certain amount, the “dead” area will be
created, which is lack of percolation paths so that prevent the
transportation of e~ and Li*.[®] In addition, the charge hetero-
geneity within the electrode materials and the resulting volume
change of the electrode particles would furthermore introduce
non-homogeneous distribution of stress and the formation of the
cracks (Figure 6A),'%%*] which would make the contact loss be-
tween particles more severe, destruct the ion diffusion path, and
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Figure 6. A) Mitigating CAM particle cracking by the use of tailored “full concentration gradient” (FCG) CAM particles with rod-shaped crystallites.[54]
B) Schematic illustration for the architecture and nano-wetted interfacial mechanism.l”’] C) Schematic illustration of TPS and its impact on CAM/SE
contact.1l D) Influence of Si particle size and ionic conductivity of the SE on the rate performance of the anode composites. Reproduced with

permission.[82] Copyright 2023, American Chemical Society.

greatly increase the interfacial resistance. Finally, the formation
of the spinel and rock-salt interface during cycling would con-
sume extra Lit* and decrease the columbic efficiency and cause
capacity decay.l®]

Different strategies have been developed to introduce dense
contact and hence facilitate the ionic diffusion on the SEs/AMPs
interface: (1) Introduction of “void filling” media, such as liquid
electrolyte,!® flexible ion-conducting LiF/graphene interlayer!®’]
and lithiated Nb,O; diffusion barrier to facilitate interfacial con-
tact between SEs and the AMPs,[®®] etc. Besides, in situ coating
layer with high-voltage stability while being ionically and elec-
tronically conductive on both SEs and AMPs.[®) Such layers serve
to shield the electrolyte from oxidation while allowing fast Li*
transport. (2) Increasing the contact interface by electrode archi-
tecture design, such as the synthesis of thin film cathode and
solid electrolyte composite electrodes with planar contact!’’! and
3D lithium conductive frameworks,”~7# these structures will fa-
cilitate direct atomic-level contact between the AMPs and enable
the formation of nano-wetted interfaces, hence promoting the ki-
netics of Li* transport (Figure 6B).>~771 (3) Operating the SSLIBs
under appropriate pressure which can enhance the contact be-
tween different components then accommodate the reversible

Adv. Mater. 2024, 36, 2407923

2407923 (7 of 22)

volume change of the electrode, therefore mitigating the influ-
ence of the volume effect on the battery performance and in-
hibiting fractures occurring at the boundary between the SEs and
the AMPs.I”87%1 (4) Adopting interface welding strategies like hot-
press sintering techniques can solve the insufficient contact of
particles and effectively lower the CAM/SE interfacial resistance,
especially for oxide-based SEs.!®] Besides, our latest research also
introduced an effective thermal pulse sintering technique (TPS)
that promotes the fusion of the SE and CAM particles interfaces
while preventing unwanted phase diffusion (Figure 6C).8! (5)
By reducing the size of AMPs to the nanoscale, the surface-to-
volume ratio is increased, resulting in the formation of well-
connected conduction routes and sufficient reaction sites at the
interface between AMPs and SEs (Figure 6D). This is expected
to improve the efficiency of Li* transport and promote excellent
performance in SSLIBs due to reduced porosity.!8]

3.4. Dispersity of Carrier Conducting Network
To build the composite electrodes, researchers usually add a cer-

tain percentage of SEs and electronic conductive additives with
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AMPs to construct the conductive network, where e~ are trans-
ferred through limited physical contact between conductive addi-
tives and AMPs. The ion conductive network and e~ conductive
network are totally different. In that case, the gap between differ-
ent interfaces lead to the dispersity of networks (Figure 7A). Obvi-
ously, these conductive networks are both play important role in
the efficiency of carrier transportation. Once two networks don’t
simultaneous response to the exterior voltage, it will cause relax-
ation phenomenon. In addition, the poor electronic conductiv-
ity on the AMPs/SEs interface will result in severe polarization
of the interfaces during charging/discharging, which plague the
development of SSLIBs.

Improving dispersity requires physical and even chemical ho-
mogenization of SEs and conductive additives. The following
approaches can be adopted to address these issues: (1) Modi-
fying the surface of AMPs with a carbon coating to increase
their electronic conductivity.®3] In addition, carbon nanospheres
added to carbon-coated AMPs as a conductivity belt have been
proven to play the role of connecting the AMPs, thus creat-
ing a short path for Li* migration and fast e~ transfer.#* (2)
Introducing ion-electron conducting binders is also one of the
strategies (Figure 7B). A specially-designed treating process is
presented to create a loosely packed binder with less intercon-
nection force between polymer binder segments and better dis-
persion performance.®] Such binders can bridge the gap be-
tween the ion conductive network and the e~ conductive net-
work in molecular-level.[8¢#7] (3) Using nano-structured conduc-
tive additives (e.g., carbon nanofibers,!® multiwalled-carbon-
nanotubes!®! and nitrogen-doped carbon nanotube!*")) to achieve
better surface contact with AMPs, forming effective percolative
carrier-transport pathways among cathode and anode composites
and improving reaction kinetics.

To effectively evaluate these improvements, it is crucial
to quantify and assess the key metrics of carrier transport
networks within composite electrodes, such as ionic tortuos-
ity, ionic/electronic conductivity, and transference number.”"2]
Higher tortuosity indicates more convoluted paths, which can
impede ion transport.[®*! To measure and calculate these met-
rics, several methods can be employed. Imaging techniques
like scanning electron microscopy (SEM), focused ion beam-
scanning electron microscopy (FIB-SEM), and X-ray computed
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tomography (X-ray CT) provide detailed 3D images for numer-
ical simulations.® Electrochemical methods such as electro-
chemical impedance spectroscopy (EIS) can assess ionic con-
ductivity, while the steady-state current method helps determine
the transference number, reflecting the carrier contribution to
overall conductivity.”! Additionally, the four-point probe method
could accurately measure the electronic conductivity by eliminat-
ing the influence of contact resistance, thus providing precise
conductivity values essential for evaluating electronic transport
properties.”®! Furthermore, combining advanced imaging with
mathematical modeling offers a comprehensive understanding
of electrode structures, helping to identify and address transport
bottlenecks, thereby improving the performance of SSLIBs.*”]

3.5. Integrity of Carrier Conducting Network

During electrochemical cycling, AMPs will constantly expand
and contract in volume because of the lithiation/delithiation pro-
cess. Among them, Si particles undergo the most significant vol-
ume fluctuation, which results in mechanical pulverization and
the deterioration of the conductive environment in AAMs. Sev-
eral approaches have been devised to tackle these problems: (1)
Employing straightforward and commercially viable coating tech-
niques, such as carbon coating,*®! polymer coating!®! and metal
oxide coating,[%] it is possible to enclose AAMs within those
coating layers. The resultant soft layer exhibits the ability to with-
stand the dynamic interface alterations that occur during vol-
ume expansion, hence enhancing the stability of the SEI, pre-
venting its unrestrained growth, and demonstrating exceptional
carrier transport capability to optimize the carrier conducting
routes. (2) Applying appropriate external pressure, the volume
expansion of Si particles could be restricted, and the cracking de-
gree could be reduced by lowering the Von Mises stress, thereby
limiting the lithiation process and maintaining the ion-electron
contact (Figure 8A). This, in turn, inhibits the growth of the
volume and prevents the mechanical pulverization of the AAM
structure.[190192] (3) Improving composite electrode preparation
technology, such as refining the slurry-mixing technique,!1%31041
reducing the size of Si particles,#21%! adopting two-step wet pro-
cess and dry process instead of the conventional one-step wet
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preparation process (Figure 8B).[1%] These methods can produce
homogeneously dispersed composite electrodes, which leads to
a significant enhancement in the contact area. Consequently, Si
nanoparticles will show homogeneous distributions in the SEs,
resulting in a higher level of consistency. (4) Designing special
nanostructures such as metal-organic framework,!'””] 3D core-
shell nanoparticles,!1%1% porous/hollow Si nanoparticles!!1%-112]
and 1D Si-based nanostructures (Figure 8C).['!*] The mechan-
ical strain at the interface, caused by a significant change in
volume, can be reduced by the design of nanostructures, re-
sulting in improved stability of the interface and accelerated
charge-transfer kinetics. (5) Conventional binders are not suit-
able for AAMs accompanying large volume expansions.''*] In
that case, developing multifunctional binders with high e~ con-
ductivity and mechanical properties can maintain the integrity
of conductive networks and the electrode structure.!!>116] Intro-
ducing “dynamic crosslinking” binders, which can repair bro-
ken links between polymer chains of binders during cycling.
These binders contribute to the structural stability of AAMs and
control SEI formation.['"7~119] High-elastic binders also have the
ability to address the challenges arising from volume expan-
sion. For instance, the incorporation of polyrotaxane can effec-
tively maintain the cohesion of crushed particles without causing
disintegration.!*2’]

4. Apparent Interfaces between Electrode and SEs

In conventional LIBs, liquid electrolytes infiltrate the planar in-
terface between electrodes and separator, forming rapid and sta-
ble Li* transport pathways. However, limited by the manufactur-
ing technology, it is difficult to assemble the integrated SSLIBs
directly which means the inherent existence of electrode/SEs in-
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terface. Hence, an in-depth understanding on the design of ap-
parent interfaces between electrode and SEs is critical to the con-
struction of whole SSLIBs. However, the insufficient mechanical
and electrochemical stability of the electrode/SE interface will in-
evitably lead to undesirable side reactions or poor physical con-
tact, resulting in inferior rate performance and capacity reten-
tion.

4.1. Apparent Interfaces Between Composite Cathode and SEs

The concerning interfacial stability contributes to the decomposi-
tion of CAMs and SEs at high-voltage. Undesirable e~ transfer be-
tween the composite cathode/SEs interface will trigger chemical
reaction and the resulting formation of the inactive decomposi-
tion interlayers (i.e., La,O; and Li, S), and even phase change and
structural disordering of CAMs, all of which will increase the in-
terfacial resistance (Figure 9A). As a consequence, the stable and
carrier transport ordering interface between composite cathode
and SEs plays vital roles to obtain the excellent performance of
SSLIBs.

4.2. Apparent Interfaces Between Composite Anode and SEs

Different from cathode materials, strong mechanical property is
especially vital for the composite anode/SEs interface except for
the prerequisite electrochemical stability. On the one hand, alloy-
type anodes (e.g., Si and Sn) are accompanied with huge and
anisotropic swelling during the lithiation process, which results
to stress evolution and fracture on the interface, eventually caus-
ing the degeneration of ionic conduction network (Figure 9B). On

© 2024 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1TE.D) 8[edl|dde a1 Ag peuenob a2 Sajofe YO '8sN JO S9INJ 10} ARIq1T 8UIIUO AB[IM UO (SUONIPUOD-PUE-SWSI/LIOY A8 |1 Aleq1pul|Uo//:Sty) SUONIPUOD pue Sws | 189S *[6Z02/TT/6T] Uo Ariqiauljuo AS (1M ‘usyzueys JO umo L AiseAluN Aq £26/0v202 Bwipe/z00T OT/I0p/W00" A8 1M Alelq 1l juo"peoueApe//:sdily Woly papeojumoq '8 'v20Z ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(A)

Phase change
Structure disordering

Cathode

Rigid contact
Cycling

/

[
I @

www.advmat.de

Short circuit

Cycling Li dendrites
" ,/ ;] o
? e !
i w‘ -~' |
Voids Poor SEI

©

Cycling crack

Rigid contact
Si anode

Vertical cracks

(D)

Cathode

Figure 9. A) Schematic illustration of interface issues between composite cathode and SEs. B) Schematic illustration of interface issues between Li
metal anode and SEs. C) Schematic illustration of interface issues between composite Si anode and SEs. D) Schematic illustration of ideal interfaces

between electrodes and SEs.

the other hand, instability contact of interface, growth of lithium
dendrites, and drastic side reactions with SEs shorten the life
span of Li-metal anodes based on SSLIBs (Figure 9C). Essentially,
Li* transport and Li deposition processes occur at the Li/SEs in-
terface during cycling which needs to deeply understand the ki-
netics and failure mechanism. The ideal apparent interfaces be-
tween composite electrodes and SEs (Figure 9D) need to be reg-
ulated rationally to create a selective carrier transport network,
inhibiting e~ transfer and accelerating Li* transfer.

4.3. Rigid Surface Contact

The rigid contact of electrodes and SEs interface often leads
to a limited contact area, resulting in high interface contact
impedance, the reduction of Li* pathways and accumulation of
stress. Usually, most SEs add high external stacking pressure
to maintain close contact with electrode materials during op-
eration. Overall, there are two different ways to improve the
rigid surface contact of composite cathode and SE: (1) The com-
pressibility of SEs plays a crucial role in determining the ex-
tent of electrode/SE contact. A higher compressibility enables
the SE to effectively cover a larger surface area of the AMPs
when subjected to pressure. Consequently, the level of surface
contact between the electrodes and SEs will improve. Oxychlo-
ride SE like Li, ,5ZrCl, ;50,5 (LZCO) was found to have the abil-
ity to reach a density of 94.2% under 300 MPa.l"!l Selecting
these high-compressibility SEs applies sufficient pressure dur-
ing the fabrication of a cold-pressed pellet, which can estab-
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lish a more intimate and adequate connection between two sur-
faces (Figure 10A). (2) Alternatively, utilizing polymers such as
PEOI122123] and PVDFI!24125] to fabricate flexible composite solid
electrolytes (SEs) can facilitate a “soft contact” between interfaces.
This approach not only reduces polarization effects but also pro-
motes chemically homogeneous lithium plating and stripping on
the Li metal anode (Figure 10B). However, components used to
apply pressure can reduce energy density, and the battery pack
imposes strict upper limits on the pressure exerted on the bat-
tery stack. In order to achieve pressure-free SSLIBs, the design
of SEs that possess viscoelastic properties akin to polymers can
be used.'?] In pressure-free conditions, this lets them withstand
deformation while also allowing the electrolyte to effectively per-
meate the electrode material and form a wetting interface.

4.4. Li* Diffusion Between SE and Li Metal

Metal ions in the electrolyte are deposited and crystallized into
metal particles during electrochemical deposition.'*”] The en-
ergy barrier of crystallization is an important factor contributing
to electrochemical deposition overpotential.l'?] High overpoten-
tial or polarization will result in low power density, low energy ef-
ficiency, and even battery failure. Classical nucleation theory de-
fines the proliferation of metal particle nuclei during metal plat-
ing in liquid electrolytes.'?] To reveal the Li metal crystallization
mechanisms during electrochemical plating in SSLIBs, recent
studies used large-scale molecular dynamics simulations demon-
strate that lithium crystallization occurs in multi-step routes
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mediated by interfacial lithium atoms with disordered and
random-closed packed configurations as intermediate steps, giv-
ing rise to the crystallization energy barrier (Figure 11A). These
intermediates in the crystallization pathways (interfacial atom
states) are direct outcomes of the interfacial interactions between
Li metal and SE and can therefore be modified via previously
stated interface engineering strategies.['3%]

In addition, the formation of voids and contact loss on the
Li/SEs interface could happen during electrochemical cycling.
When the striping current density moves the Li* away from the
Li metal surface faster than it could be replenished, voids formed
and accumulated during cycling, which would introduce local-
ized concentrated current density and trigger the formation of
lithium dendrites, leading to an increasing of interfacial resis-
tance and thus restricting the rate capability of Li metal anode.!*3!]
Impurity phase during SEs synthesis!'3?] and phase change of the
SEs on contact with Li metal or during electrochemical process
could also contribute to sluggish ionic transfer on the Li/SEs in-
terface.

Dendrite and voids formed at the interface between Li and SE
will result in a large interfacial resistance that prevents Li* dif-
fusion on the surface.l!**] Recent studies have demonstrated that
coatings such as Li,TisO,, (LTO) and polyaniline layers signif-
icantly regulate Li* distribution and deposition behavior, effec-
tively suppressing the formation of dendrites and voids.[13413]
Furthermore, appropriate stack pressure was proven to suppress
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void formation,!**] but it cannot inhibit dendrite growth totally.
In that case, the interface engineering strategy might be the ideal
way to solve these problems, which can decrease the large inter-
facial resistance efficiently and hence increase the ionic diffusion
on the Li/SEs interface: (1) Cleaning the impurity layer (Li,CO,
and Li,O) on Li metal surface!**”] and the SEs surfacel'3¥13] and
understanding the mechanism by which surface chemistry con-
trols the resistance of the Li/SEs interface then enhances the wet-
tability and achieves very low interfacial resistances (Figure 11B).
(2) Adopting the alloying Li metal strategy, which enables inti-
mate contact between the Li metal anode and SEs to show higher
lithium diffusion coefficients than pure lithium!(*4*!] and reduc-
ing pore formation at the interface that significantly decreases
the interface resistance.l'*?71%¢] (3) Introducing artificial wettabil-
ity (MoS,[**] and graphitel!*®]), wetting the interface with lean
liquid electrolyte!19150] and nano-wetted interfaces,['>1-1>°] these
methods will enhance the interface contact and promote uniform
plating and stripping, resulting in improved ability to prevent the
development and growth of dendrites (Figure 11C).

However, The presence of Si particles reduces the length of
the diffusion channel in the composite electrode, making it more
efficient.['¢] The extensive contact area between Si particles and
SEs as well as conductive agents allows for the efficient conduc-
tion of e~ and ions throughout the whole composite electrode.!*>’]
This enhances the CCD of the anode and promotes the diffusion
of AMPs. On the other hand, Li metal has smaller surface area
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Figure 11. A) Multiple-step pathway of Li crystallization in SEs. Reproduced with permission.['*0] Copyright 2023, Springer Nature. B) Schematic illus-
tration of Li,CO4 layer impact on the interfacial resistance. Reproduced with permission.['*8] Copyright 2017, American Chemical Society. C) Schematic

diagrams of the in situ MoS, protection mechanism and its chemical evolution during the polarization process. Reproduced with permissio

Copyright 2019, Royal Society of Chemistry.

in contact with SEs, resulting in the limited CCD. In summary,
the Si anode demonstrates superior compatibility with SSLIBs in
comparison to the Li metal anode.

4.5. Chemical and Electrochemical Stability
The interface between the composite cathode and SEs was

complicated, owing to elements diversity and the strong oxi-
dization of the transition metal under high potential at charged
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n.[147]

state. Undesirable e~ transfer on the composite cathode and
SE interface will trigger chemical reaction of both the cathodes
and SEs. Density functional theoretical (DFT) calculation results
have shown that most SEs will decompose beyond 5 V (vs
Li/Li*).[18159] Garnet-type LLZO is found to have continuous ir-
reversible reactions on the interface of LLZO/LiMn, sNi, ;O,.11%"]
Argyrodite Li; PS;Cl is reported to be oxidized into elemental sul-
fur, phosphates, LiCl and lithium polysulfides, P, S, (x > 5) when
matched with LiCoO,, LiNi,;Co,;;Mn, ;;0,, and LiMn,0,."!]
Sulfide-based SEs such as LGPS would also undergo
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interfacial instability problems on the composite cathode/SE.
The chemical reaction between LGPS and LiNij,Co, ;5Al, 45O,
occurs immediately once contacted.['®?] The LGPS will decom-
pose into highly oxidized sulfur species, which can be accelerated
by conductive carbon additives.!'3] While the decomposition
interlayers retard the ionic diffusion, the positive electrodes
will undergo surface structural reconstruction.['**! The decom-
position on the interface of the composite cathode materials
and electrolytes under high-voltage will consume active Li*,
the inactive species will introduce high interfacial resistance,
which will cause severely decay of the battery performances.[1%!]
Many efforts have been devoted to increasing the interfacial
stability on the composite cathode and SEs interface, one of
the most efficient strategies is introducing a interface modifi-
cation layer while chemical stable and compatible versus SEs,
such as Liyy5LaysSty s TiO,, 1% LiNbO, 1671681 L4, PO, [165-171]
ALO,72 1§, Ti.0,,,17* LiCO, /"7 Li,$i0,,"”5) lithium zir-
conium oxides,'’®l Li;BO;,1”7) LiTaO,["78 and diamond-like
carbon (Figure 12A).'7?! The interface modification layer with
high ionic conductivity and very low e~ conductivity can promote
interface contact, minimize interface resistance between differ-
ent layers, and finally prevent detrimental side reactions.!'8]
Besides, it is imperative for this layer to possess a low lattice
mismatch in order to avert the detachment of the buffer layer
during the processes of charging and discharging.*®! It is
worth mentioning that other strategies, such as the physical
methodologies outlined in the preceding section, are insufficient
for addressing the chemical stability issue at its root. Therefore,
the most optimal strategy should still be the introduction of an
interfacial modification layer.

As we mentioned before, due to the low electronic conductiv-
ity of Si particle itself, in that case, a certain amount of conduc-
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tive agents (e.g., acetylene black) and SEs are mixed together to
build the e~ and Li* conduction pathways in the AAMs, which
enable good e~ and Li* accessibility to the AAMs then guarantee
the double conductive network.['**] Additionally, it has the capa-
bility to restrict the significant increase in volume and prevent
degradation and detachment. However, past researches have in-
dicated that sulfide SEs tend to be unstable at the anode.18518¢]
The presence of carbon can expedite the degradation of these
SEs,'] and the degree of decomposition is influenced by the
specific kind of carbon material employed.'%3] Therefore, car-
bon conductive agents tend to promote undesirable side reac-
tions between SEs and Siand between SEs and carbon, leading to
the chemistry change in AAMs during electrochemical reactions
(Figure 12B).1182]

In any case, the ion/electron percolation in the AAMs suf-
fers from these decomposition reactions. This leads to height-
ened resistance for Lit and e, ultimately resulting in the ca-
pacity decline in SSLIBs. However, apart from carbon additive,
varying SEs have different chemical and electrochemical stabil-
ity with Si anodes.!'88] The major cause of side reactions between
sulfide-based SEs and Si particles is the interaction between Si
and P. Hydride-based SEs, such as 3LiBH,-Lil (LBHI), have ex-
ceptional electrochemical stability when used with Si anodes.['®]
They do not show any noticeable electrochemical degradation as
compared to sulfide-based SE.

Additionally, the substantial fluctuations in volume of the Si
particles throughout their cycling give rise to the unstable SEI
layer, which is referred to as “dynamic SEI reconstruction.” Si-
based SSLIBs eventually develop a dense SEI layer, hence an ir-
reversible capacity loss.['] To achieve the desired interfacial and
mechanical stability, a low mobility poly(vinylidene fluoride-co-
hexafluoropropylene) was used to form a flow-domain SEI rich
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Table 1. Summary of various interfacial engineering strategies.

Adv. Mater. 2024, 36, 2407923

Strategies

Interfacial engineering

Grain-boundary electronic insulation (Choosing electronic insulation materials with low electronic conductivity and high humidity stability)

Electron conduction x

Internal Interfaces within SEs

Isotropic glass additions (Introducing additions with good wetting properties to coat the pores and fill the grain)

lonic conduction v/

Heating densification (Controlling the size and orientation of the grains)

Electrode architecture design (Promoting direct atomic-level contact between the AMPs and enable the formation of nano-wetted interfaces)

Electron conduction v/

Internal Interfaces within Electrode*

Void filling media (Facilitating interfacial contact between SEs and the AMPs)

lonic conduction v/

Conductive binders (Bridging the gap between the ion conductive network and electronic conductive network in molecular-level)

Thermal sintering (Promotes the fusion of the SE and AMPs interfaces while preventing unwanted phase diffusion)

External pressure (Restricting AMPs volume expansion and cracking)

Multifunctional interface layer (Introducing protection layer with high ionic conductivity and electronic insulation abilities)

Electron conduction x

Apparent Interfaces between Electrode and SEs

Flexible composite SEs (Reducing the polarization effects and enabling homogeneous lithium plating/stripping on the Li metal anode)

lonic conduction v/

Impurity layer cleaning (Enhancing the wettability and lowering interfacial resistances)

Li-containing alloy (Enabling intimate contact between the Li metal anode and SEs reducing pore formation at the interface)

2407923 (14 of 22)
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in LiF.1"1% [n addition, a hard-carbon-stabilized Li-Si alloy AAMs
is constructed, and a 3D fast ionic-electronic conducting network
including Li-rich phases (Li;5Si,/LiC;) is generated inside the
ACE to form stable SEI, enlarging the active region and reliev-
ing stress concentration, resulting in better electrode kinetics and
mechanical stability.""!1 99.9 wt % pristine micro-silicon (uSi)
and 0.1% PVDF were also introduced to construct a pure Si an-
ode. Removing carbon conductive additives from the anode can
reduce SEs decomposition and unwanted side reactions, which
effectively prevents drop in capacity. Concurrently, the uSi par-
ticles form a stable SEI interface and a direct link between Li*
and e”, enabling rapid diffusion of Li* and efficient e~ transport
throughout the electrode.8”]

The electrochemical window and the stability of the SSLIBs
not only relied on the intrinsic electrochemical stability of the
electrolytes but also on the compatibility or the interfacial stabil-
ity between electrolytes and electrodes. First-principles computa-
tion methods were employed to investigate the electrochemical
stability of the interface.['>*192] The phase equilibria and decom-
position reaction energies of lithiation (delithiation) of the SEs
were calculated and compared. In contrast to widely perception of
the stability of SEs, most of the SEs had a limited intrinsic electro-
chemical and would form thermodynamically favorable decom-
position interfaces either at low or high potentials at interface.
These formed interphase layers with different chemical proper-
ties, which could be categorized into three typical interfaces: (1)
Stable interface with negligible side reaction; (2) Formation of
a mixed (ionic/electronic) conducting interphase (MCI); (3) For-
mation of SEI with ionic conductivity and electronic insulation.

Since the first type of interface is unrealistic and the second
type is not stable, constructing an interphase that only “filters
out” electrons is the only choice. In some cases, the SE would
undergo spontaneous but not continuous decomposition, for ex-
ample, decomposition interface composed of Li,PO,, Li,P, Li,N
and Li, O would form when Li;P;OyN (LiPON) on contact with Li
metal.l!] Once the electrochemically insulating interface layers
form, the electrolyte interface would be passivated and remained
stable during the electrochemical cycling. Different interface en-
gineering strategies were developed to construct a stable inter-
phase. For example, introduction of protection layer with high
ionic conductivity and electronic insulation abilities via ex/in-situ
reaction,['!] coating layer on the SEs (MoS,,[1%] Si,[1%] LiF[197] or
LiL,[1%1 Al,0,,[1%T amorphous Ge thin film,[2°] boron nitride,2°!]
ZnO,[22l chromium, 2] gel polymer modification, 202 in-
creasing the contact areal by three-dimensional SEs,2”] which
can improve chemical and electrochemical stability significantly
(Figure 12C).

5. Outlook and Perspective

Compared with conventional liquid-based LIBs, SSLIBs stand
out because of their potential high energy density and outstand-
ing safety. As demonstrated in the previous literature, the multi-
ple scales solid-solid interfaces play a key role in SSLIBs, con-
trolling the transportation of carriers. These solid-solid inter-
faces include three internal interfaces (composite cathode, SEs
and composite anode) and two apparent interfaces between com-
posite cathode/anode and SEs, frequently acting as the bottle-
neck for the overall carrier transport whose properties are quite
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Sufficient physical contact

o

Figure 13. Perspectives for the design guideline of future SSLIBs.

different from those of percolative liquid-solid interfaces. For ex-
ample, GBs in SEs impedes the Li* transport generally, even lead-
ing to the poor mechanical property. The unstable point-contact
of solid-solid interfaces would result in large interfacial resistance
and considerable capacity loss SSLIBs. For ideal internal inter-
faces, Li* and e~ are transported cooperatively in the compos-
ite electrode. On the contrary, desired SEs exhibit the high ionic
conductivity and extremely low electronic conductivity even in-
sulation. It is worth noting that electron transfer should also be
suppressed at the electrode/SEs interface to avoid side reactions.
A robust conductive carrier network should be tailored and con-
structed in SSLIBs via interfacial engineering. Table 1 provides
a concise overview of the interfacial modification strategies dis-
cussed in this review.

Although remarkable achievements have been made on the
interfacial issues, there is still a bumpy way for SSLIBs com-
mercialization. Combining the above, the optimization strategies
and design principles of SSLIBs are summarized in Figure 13.
Most fundamentally, sufficient physical contact of each solid
component (e.g., active material particles, electronic conductive
agents and SEs) is the cornerstone for carrier transport and bat-
tery operation. Secondly, constructing a robust chemical anchor-
ing among the multiple scales solid-solid interfaces to main-
tain the physical contact during cycling is vital for batteries es-
pecially for the system with large volume changes. On this ba-
sis, establishing the in-depth understanding of Li* and e~ trans-
port and tailoring the selective carrier transport network in the
whole SSLIBs is crucial for addressing the prevailing problems
associated with interfaces, which involve complex physical, (elec-
tro)chemical, and electrochemical-mechanical processes. The
following paragraphs describe the future challenges and re-
search directions needed to accelerate the practical application of
SSLIBs.

1) Increasing the ratio of active materials in practical cells
through rational electrode design shows great potential to

Adv. Mater. 2024, 36, 2407923
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Tailoring carrier transport network

achieve higher energy density of SSLIBs. However, increas-
ing electrode thickness leads to the longer carrier transport
distances, resulting in poor charge transfer kinetics and ion-
concentration gradient along the longitudinal axis. This issue
could be improved by introducing solid polymer electrolytes,
applying multi-dimensional conductive additives (e.g., carbon
nanotubes and graphene), and matching the size of the cath-
ode material and electrolyte.

Scalable and economic manufacturing technologies are crit-
ical for the commercialization of SSLIBs. Traditional slurry-
casting electrode fabrication technology often leads to crack-
ing or delamination of thick electrodes and results in a higher
tortuosity due to the random arrangement of particles, hinder-
ing rapid carrier transport. One effective solution is to build
the thick electrodes with vertical channels through template
method or self-assembly strategies, decreasing the transport
distance of Li*/e™. Additionally, solvent-free dry-film tech-
nologies, such as powder spray and binder fibrillation, de-
serve more attention in the future. These methods are not
limited by electrode thickness and suppresses the delamina-
tion of various electrode components, constructing a favor-
able transport network. Designing robust multi-dimensional
current collectors is an alternative path that could improve the
Li* transport flux.

The design and synthesis of SEs with high ionic conductivities
and wide electrochemical stability are essential for the devel-
opment of high-performance SSLIBs. Oxide-based SEs face
challenges such as high GB resistance and excessive hardness
due to the inherent properties of materials, leading to the poor
contact. In this aspect, halide-based SEs and sulfide-based SEs
are more promising due to their better ionic conductivity and
ductility. Moreover, developing thin electrolyte layer fabrica-
tion technology is also important for the manufacturing of
practical SSLIBs.

On the cathode side, severe physical contact issues and
high-voltage instability condition are significant problems
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that need further consideration. Developing a soft and ion-
conducting coating layer for CAMs and regulating the 3D
structure for the electrode may alleviate these issues. For the
anode side, more attention should be paid for how to restrain
the growth of Li dendrite and suppress the volume variation
during cycling. Constructing multilayer and dynamically sta-
ble interfaces, employing self-healing and ion-electron con-
ducting binders, and designing external applied pressure de-
vices for pouch cells have potential to address these chal-
lenges.

Advanced in situ characterization techniques (e.g., in situ X-
ray photoelectron spectroscopy, in situ NMR spectroscopy and
in situ TEM) should be developed to deeply understand the
complicated evaluation mechanisms of the composition and
structure on the interface, guiding the rational design of in-
terfacial structure of SSLIBs.[2%-211 For instance, operando X-
ray computed tomography has been employed to observe the
growth of lithium dendrite in real time. However, a limited
number of electrode materials have been investigated by these
advanced characterization strategies which also requires spe-
cific equipment for experiments.

Theoretical calculation and simulation (e.g., density func-
tional theory calculation, molecular dynamics simulation
and finite element simulation) are powerful tools to screen
promising SEs and analyze the physicochemical processes
in SSLIBs.!Y] Through calculating the properties (e.g., elec-
trochemical window and ion transport) of SEs, large compu-
tational materials database could be established. Besides, it
is significant to develop the multi-scale simulation models
(from materials to batteries), forecasting the electrochemical
behavior and stress distribution in SSLIBs.[212-215]

With this review, we hope to stimulate research in these direc-

tions to further achieve high performance SSLIBs. After estab-
lishing a selective and stable carrier transport network in the en-
tire solid-state batteries, the commercialization of SSLIBs could
be around the corner.
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