Chinese Chemical Letters 37 (2026) 110973

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

A review of multiscale characterization methods of ion transport in ®)

solid-state electrolytes

Check for
updates

Shanyan Huang?, Shijie LiP, Zheng HuangP, Kailun Zhang?, Wei-Li Song®*, Shuqgiang Jiao"*

3 Institute of Advanced Structure Technology, Beijing Institute of Technology, Beijing 100081, China
b State Key Laboratory of Advanced Metallurgy, University of Science and Technology Beijing, Beijing 100083, China

ARTICLE INFO

ABSTRACT

Article history:

Received 28 June 2024

Revised 16 February 2025
Accepted 18 February 2025
Available online 18 February 2025

Keywords:

Lithium-ion battery

Solid-state electrolytes

Ion conduction models

Multiscale characterization methods
Electrode-electrolyte interface

Solid-state batteries that present lower risk factors and higher energy density are promising for advanced
energy storage and applications. In particular, solid-state electrolytes (SSEs) are the critical components
that responsible for ionic transport between negative electrodes and positive electrodes. It is crucial to
fundamentally understand the ionic transport models and behaviors in the SSEs, with purpose of enhanc-
ing ion transport rate and stability of SSEs. To rationally improve the solid-state ion transport behavior
of electrolytes, this review summarizes recent progresses on the transport principles and multiscale char-
acterization methods of ion transport in SSEs, including traditional electrochemical methods, frequency-
dependent spectroscopy, two-dimensional morphological imaging and three-dimensional morphological
imaging. It is emphasized that combination of multiscale and multiple methods would be a developing
trend for fundamentally understanding the mechanism of ion transport in SSEs. According to comprehen-
sive transport principle and behaviors, hierarchical fillers are designed for composite electrolytes with
fast ionic transport abilities. The remaining challenges for establishing advanced multiscale characteriza-
tion methods are also discussed.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since lithium-ion batteries (LIBs) were commercialized in the
1990s, it has emerged as the most extensively developed and uti-
lized power sources, owing to their advantage of energy and power
density [1-6]. Currently, commercial LIBs are mostly assembled
based on liquid organic electrolytes with adding various additives
and lithium salts. Although these electrolytes possess good ion
transport properties, they are also volatile, flammable, and poten-
tially explosive. To address the safety concerns associated with lig-
uid electrolytes, researchers have explored the potential substitu-
tion of liquid electrolytes with solid-state electrolytes (SSEs), which
is an emerged technology for the further development of high-
power and high-safety Li-based batteries [7-11].

The advancement of solid-state batteries (SSBs) originated from
the discovery of solid-state ion conductors. In 1833, Michael Fara-
day was the first to report the phenomenon of ion conduction in
AgS, and offered the renowned "Faraday’s Law" [12]. In the 1950s
study of SSBs began on the batteries employing Agl [13] and AgCl
[14] as electrolytes. During this period, the voltage of SSBs re-
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mained below 1 V, and the discharge current was limited [15]. In
the 1970s, the discovery of Li™ conduction behavior in halides led
to the development of lithium metal batteries utilizing Lil as the
SSEs, significantly improving the energy storage abilities of the bat-
teries [16,17]. In 1969, Rao firstly applied a Lil film in the Li|Lil|l,
solid-state lithium-ion battery, which showed an open circuit volt-
age of 3 V [18-20]. In the same year, Professor Charies proposed
a series of Li|Li[|[MI (M represents Ag, Cu, and Pb) SSBs. By incor-
porating Al,O3; powder into Lil, the specific energy density of this
battery type reached 100-200 Wh/kg. However, the development
of a continuous Lil interface at the electrolyte-electrode interface
during cycling resulted in the blockage of ion transport channels,
leading to increased battery polarization and internal resistance
[21].

The advancement of rechargeable SSBs commenced with the
discovery of intercalation electrode materials. In 1983, Knutz re-
ported a rechargeable SSB utilizing Li|Li3N|TiS,;, which demon-
strated over 200 cycles [22]. Meantime, researchers at Hi-
tachi developed another type of rechargeable SSBs employing
Li3 6SiggPo404 as the electrolyte. By improving the preparation
process of the electrolyte film, this battery achieved a recharge-
discharge cycle exceeding 2000 times [23]. In 1973, Fenton dis-
covered the ion conductivity of polyethylene oxide (PEO), which
was subsequently utilized in the SSBs. Polymeric SSEs, derived
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from PEO, become a major research hotspot in SSBs development
[24,25]. In comparison with lithium halide films, polymeric SSEs
have demonstrated nice compatibility with electrolyte materials
and were successfully commercialized by Bolloré Group in the Au-
tolib project.

Several inorganic solid-state ion conductors were also reported,
including sodium fast ion conductor (NASICON) discovered by
Goodenough in 1976 [26] and the lithium fast ion conductor (LISI-
CON) with a similar structure, Li;3Aly3Tiy7(POy)s, first showed by
Professor Anon in 1989 [27,28]. In 1993, Inaguma et al. reported
the perovskite Lips4Lags1TiO294 (LLTO) electrolyte with ionic con-
ductivity of over 10~3 Sjcm [29]. Another significant oxide in the
development of fast ion conductors is garnet-type Li;La3Zrs0q;
(LLZO) discovered in 2003, with conductivity determined in 2007
[30]. SSEs composed of these oxide materials demonstrate higher
ion conductivity and mechanical strength [31,32]. However, the en-
hanced mechanical strength reduces the risk of thin film pierc-
ing, which can result in short circuits between positive and neg-
ative electrodes, but it also diminishes the connection between
the electrode and the electrolyte, increasing the internal resis-
tance. To strengthen the electrode-electrolyte interface compati-
bility, enabling closer exposure, researchers have added 15 wt%
of 0.44LiBO,_gsgLiF during co-sintering [33]. As a result, the
Li4Ti5012|Li1.3A10.3Ti1.7(PO4)3|LiMn204 SSBs showed enhanced Cy-
cling stability and greatly minimized capacity loss after 10 weeks
of cycling. In the same period, Bates et al. prepared LiPON us-
ing magnetron sputtering technology under a nitrogen atmosphere,
which demonstrated good compatibility with high-voltage posi-
tive electrodes and lithium metal negative electrodes during cy-
cling [34,35]. Sulfide electrolytes also exhibit good Li ion transport
properties due to the weak bonding characteristics of the Li-S bond
[36]. With the advancement of solid-state energy storage technol-
ogy, numerous studies on SSEs have emerged, and the ion conduc-
tivity of these electrolytes has approached that of commercial elec-
trolytes [37,38]. The SSBs are beginning to show commercial po-
tential. In 2011, Professor Ryoji Kanno’s group at the Tokyo Institute
of Technology in Japan discovered a sulfide SSE, Li;oGeP,S;,, which
demonstrated ionic conductivity comparable to, or even greater
than, that of liquid electrolytes [39]. In 2016, this group broke their
own record due to the discovery of Lig 54Si174P144511.7Clo3 [40].

In addition to material development, manufacturing process
play crucial roles in influencing the capabilities of SSBs. Accord-
ing to battery manufacturing processes, the SSBs can be sorted
into four classifications [41]. The first kind of SSBs employs ox-
ide ion conductors as SSEs. These batteries exhibit low ion con-
ductivity at room temperature but demonstrate a significant in-
crease in ion conductivity at elevated temperatures. The second
type is based on sulfide ion conductors as electrolytes, which ex-
hibit ultra-high ion conductivity at room temperature. The third
type is linked with LiPON thin films using micro-nano manufac-
turing technologies such as magnetron sputtering. The fourth type
utilizes polymer-based SSEs, which are flexible, stable, and easy to
mass-produce, offering various manufacturing processes. Although
it is a challenge to meet the operation requirement based on each
single type of electrolytes, the trend for combining component in-
tegration and structural design to reach the complementary advan-
tages of various SSEs [42].

Owing to the complexity of the electrolytes via component in-
tegration and structural design, it is urgent to fundamentally un-
derstand the ion transport behaviors in the SSEs. Herein, we firstly
study the physical model of ion conduction in SSEs. As the criti-
cal topic in this review, various methods for characterizing the ion
transport behaviors at different scales would be summarized, as
shown in Table 1 and Fig. 1. Based on the traditional electrochem-
ical methods, i.e., we could determine the ionic conductivity of the
electrolytes via EIS and CA via measuring the macroscopic bulk
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Table 1
The scale and dimension of test methods for ion transport.
Methods (+: combined  Scale Dimension
method)
EIS+CA Frequency dependent Arbitrary dimension
(micro-meter~meter) (Statistical)
EIS+DC Frequency dependent Arbitrary dimension
(micro-meter ~meter) (Statistical)
EIS+CA+DS Frequency dependent Arbitrary dimension
(nano-meter~meter) (Statistical)
NMR Nano-meter~micro-meter 1D
KPFM Nano-meter~micro-meter 2D
SEM/TEM Nano-meter~micro-meter 2D
Neutron Micro-meter ~meter 3D
TOF-SIM+(EIS) Nano-meter~micro-meter 2D-3D
micro-CT+(EIS) Micro-meter ~meter 3D

nano-CT+(EIS) Nano-meter~micro-meter 3D

0 D fillers
in composite
electrolytes

1 D fillers
in composite
electrolytes

2 Dfillers
in composite
electrolytes

3 Dfillers
in composite
electrolytes

Designing hierarchical fillers for composite electrolytes with fast ionic transport abilities

Fig. 1. Combined methods for understanding ion transport behaviors in SSEs and
designing hierarchical fillers for composite electrolytes with fast ionic transport
abilities.

composites. Moreover, NMR, DS and X-ray photoemission spec-
troscopy are the methods for identifying the ionic transport at spe-
cific frequency, linking with the resonant components at a specific
scale. Additional methods upon morphological imaging could be
used to probe the component and its concentration distribution.
The characterization scales are strongly dependent on the imaging
resolution of the techniques. Typically, two-dimensional (2D) mor-
phological imaging methods involve TEM, KPFM and SEM coupled
with element mapping. Additionally, three-dimensional (3D) mor-
phological imaging methods mainly contain CT, TOF-SIMS and neu-
tron diffraction. Based on understanding the ion transport behav-
iors at various scale, we also briefly highlighted typical progresses
in designing various fillers, i.e., mainly using zero-dimension (0D),
one-dimensional (1D), 2D or 3D fillers, to fabricating SSEs. Finally,
the remaining challenges for developing multiscale characteriza-
tion methods have been discussed with purpose of fundamentally
studying the ion transport mechanism in the SSEs.

2. Physical model of ion conduction in SSBs

The ion conduction mechanism in SSBs is significantly different
from that in liquid electrolytes. Fig. 2 shows a schematic diagram
illustrating several distinct paths for ion conduction in SSEs. The
transport process of lithium ions in liquid electrolytes entails the
migration of solvated ions through the solvent, following the prin-
ciples outlined in the Stokes-Einstein equation [43]. The increase-
ment of salt/ion dissociation in high dielectric constant solvents
and debasement of solvent viscosity can accelerate migration rate
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Fig. 2. Schematic diagram of the ion conduction path of SSEs: (a) Inorganic SSEs; (b) amorphous polymer SSEs; (c) crystalline polymer SSEs. Reprinted with permission [43].

Copyright 2004, American Chemical Society.

of solvated ions, thus improving lithium ions conductivity of elec-
trolyte [44]. Due to the rapid exchange and uniform environment
of solvent molecules, the potential energy curve for mobile lithium
ions in the electrolyte remains relatively flat. In contrast, crystalline
or amorphous SSEs present a different scenario for the diffusion
of Li* ions. The diffusion of these ions necessitates periodic bot-
tleneck points along the diffusion path, which exhibit higher en-
ergy barriers compared to the diffusion sites. Consequently, a pe-
riodic oscillating potential energy curve is formed along the diffu-
sion path in SSEs.

Ion movement is propelled by the gradients of chemical and
electrochemical potential in the system. In the field of physical
chemistry, the Nernst-Planck equation is often used to relate the
transport of charged particles to the gradients of chemical and
electric potential (represented as V. and V). By applying mass
conservation principles, the current density (j) can be calculated
[45]:

Jj=-F*V¢> uic—FY DiVc+Fu) ¢ (1)
i i i

Here, F represents the Faraday constant, y; represents the mi-
gration rate of charged particle i, ¢; represents the ion concentra-
tion, D; means the diffusion coefficient, and u means the convec-
tion rate. For the ion transport in solid-state system, the concen-
tration and electric potential gradients increase at the interface, re-
sulting in a significant increase in diffusion and migration terms
while convection can usually be neglected. Under small concentra-
tion gradients, Eq. 1 can be simplified as:
o=-g-=-F ZMICI (2)
where o represents ionic conductivity. As shown in Eq. 2, high ion
conductivity relies on both high mobility and a significant carrier
concentration, allowing charged ions to overcome the energy bar-
rier and move quickly under the potential drive. Therefore, a fast
ion-conducting medium needs to facilitate ion dissociation with a
low conduction barrier.

In SSEs, the ions that overcome energy barriers can jump be-
tween sites. The diffusion coefficient is a function of the migration
free energy:

AGmi
D; = —yazfoexp(— RT g) (3)

where y represents the geometric factor, a represents the distance
between ion jump sites, fo is the attempt frequency of ion jump,
which is the migration free energy. Combined with Eqgs. 2 and 3, o
can be expressed as:

ASmigT — AHmig> @)

|2
0 =—prhiva foexp( RT

where ASp; and AHp, are ion migration entropy and enthalpy,
respectively. If ionic pair dissociation is thermally activated, the

carrier concentration ¢; is related to the formation enthalpy [46].

AH
G = coexp<—RTf> (5)

where cg represents the initial concentration under standard con-
ditions. By combining the pre-exponential factor and various acti-
vation energies, we can derive the well-known Arrhenius equation:

g E
o= Toexp(—Rf'r) (6)

The pre-exponential factor is a function that depends weakly
on temperature, which represents the total energy barrier that an
ion has to overcome to form a carrier by thermal activation and to
migrate in the electrolyte. Therefore, the activation energy includes
both the formation energy of the carrier and the energy barrier for
its diffusion in the electrolyte.

The amorphous materials have higher entropy and more free
volume for movement, which makes them superior ion conduc-
tors. As one of the representative achievements in the field of
ion conductors, there exists a highly conductive glass phase in
Agl-Ag,Se0, [47]. Like most amorphous materials, glasses undergo
transitions between liquid, crystalline, and glassy states as tem-
perature and processing history vary, and they typically exhibit
smaller structural units with long-range disorder. The amorphous
network theoretically has an infinite relaxation time, and ion trans-
port occurs via hopping from one site to another with lower en-
ergy, similar to that in crystals [48]. At temperatures below the
glass transition temperature (Tg), ion migration conforms to the Ar-
rhenius equation, and the ion transport behaves similarly to that in
crystals within this range. When the temperature is above Tg, the
structural units can relax around the site and assist ion transport,
and the ion transport and structural relaxation are coupled. The
strength of structural relaxation depends on the material viscosity,
which decreases with increasing temperature. Therefore, the Vogel-
Fulcher-Tammann equation is modified to describe such a case:

(o) E,
Oj = TeXp(—R(T_TO)> (7)

When ions conduct within the bulk phase of a material, the
microstructure and physicochemical properties of material are key
factors in defining the migration path of ions, whether in crys-
talline or amorphous materials. Crystals possess a periodic coor-
dination polyhedron structure, and actual crystal materials contain
defects such as gaps and vacancies, which contribute to rapid ion
migration. In crystal fast ionic conductors, the energy pattern of
ion transport is primarily determined by the topological structure,
crystal structure coordination, and ion binding sites. The design
of superionic conductors for effectively transport Li* often feature
disordered sub-lattices, a high density of lithium vacancies, and in-
terconnected gap sites. Dynamics simulations have demonstrated
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that in fast ionic conductors such as LGPS, LLZO, and LATP, Li™
exhibits cooperative migration. Multiple ions simultaneously jump
to the nearest position rather than a single ion sequentially over-
coming the energy barrier to reach the next site [49]. In fast ion
conductors, ion diffusion often displays anisotropic characteristics
[50]. Neutron powder diffraction studies have revealed that in the
LGPS lattice, a one-dimensional conducting channel traverses the
diffusion plane, forming a quasi-isotropic three-dimensional diffu-
sion path [51]. As temperature increases, ion migration within the
lattice transitions from predominantly one-dimensional to a three-
dimensional dominant conduction mechanism, which complicates
the analysis of transport behavior [52]. For LLZO-like oxide elec-
trolytes, the cubic garnet phase’s ionic conductivity greatly exceeds
that of the tetragonal phase. The enhanced ion diffusion rate in
LLZO electrolytes leads to more uniform ion redistribution, miti-
gating polarization issues.

In low molecular weight polymers and oligomers, ion conduc-
tion primarily occurs through the solvation of the electrolyte [53].
Amorphous polymers, such as polyethylene oxide (PEO), conduct
ions via segmental relaxation. In the case of PEO, the local move-
ment of Lit diffusion along the PEO chain, as well as the inter-
segment jumping and collective motion of coordinating ions along
the entire polymer chain, facilitate the diffusion of Li* [54]. For
high molecular weight polymers, segment entanglement affects
ion solvation and polymer chain diffusion. Therefore, inter-segment
jumping of ions becomes the main mode of transport. Polymer
electrolytes’ ionic conductivity is closely associated with their crys-
tallinity. Experimental findings indicate that ionic conduction in
the amorphous region of a polymer is faster, suggesting that lower-
ing crystallinity is key to enhancing the polymer electrolytes’ ionic
conductivity [55].

3. Multi-scale characterization methods for solid-state ion
conduction

The interface between the electrode and SSEs is often criti-
cal in regulating ion transport and exchange. SSEs materials typ-
ically exhibit lower ion transport rates and higher resistance, re-
sulting in significant potential drops and ion concentration changes
at the interface. Owing to the disparities between the electrode
and SSEs, the charge distribution at their interface is often non-
uniform, leading to potential shifts and ion concentration varia-
tions. These phenomena directly impact the performance and sta-
bility. Therefore, it is critical to grasp and manage the ion trans-
port mechanism in interface. Utilizing different characterization
techniques to study the space charge region at the interface en-
ables a more in-depth understanding of ion transport behavior
in complex and diverse solid-state media. This, in turn, opens
up new avenues and directions for enhancing the performance of
SSEs.

3.1. Traditional electrochemical methods

In order to elucidate the ion transport mechanism in com-
posite electrolytes, researchers have utilized a range of character-
ization tools to gain insights at different scales. At the macro-
scopic level, electrochemical impedance spectroscopy (EIS) and
chronoamperometry (CA) are commonly employed to determine
the ionic conductivity [56]. For example, Wang et al. effectively
separated the conductivity of typical positive electrode materi-
als, such as LiCoO, (LCO), LiNij;3Mny;3C04;30; (NCM-333), and
LiNig5sMng 3Cog,0, (NCM-532) using the principle depicted in Fig.
3 [57]. The Huggins method was utilized to separate the electronic
and ionic conductivities via EIS. The two semicircles observed in
the impedance spectra of the mixed conductor correspond to the
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Fig. 3. (a) Scheme for testing method to obtain the electronic and (b, c) ionic con-
ductivity of bulk samples. Reprinted with permission [57]. Copyright 2018, Elsevier.

parallel connection of electronic resistance and structural capaci-
tance at low frequencies, as well as the parallel connection of ionic
resistance and structural capacitance at high frequencies. Due to
electronic current shunting the interfacial capacitance at low fre-
quencies, the conventional low-frequency tail is absent. When CA
was employed to separate the ionic and electronic currents, both
ionic and electronic currents were initially present upon the appli-
cation of voltage. However, due to the presence of ionic blockage
at the electrode, the ionic current (I;) decays over time until it dis-
appears, and the steady-state current will represent the electronic
current (le). The corresponding ionic conductivity o; and electronic
conductivity o. were calculated based on Ohm'’s law using the
current versus time curve. In 2000, Maier et al. combined micro-
nanofabrication methods with EIS to characterize the enhanced ef-
fect of space charge layers on the overall ionic conductivity of mul-
tilayered nanowires [58]. Additionally, by utilizing a blocking elec-
trode and a high time-resolution electrochemical test device, the
CA method can effectively capture the attenuation process of ion
conduction current in electrolytes, enabling the determination of
the ionic conductivity.

To analyze battery failure, galvanostatic potential curves, EIS
and materials characterization techniques are frequently utilized.
In the case of LIBs, repeated charging leads to uneven lithium elec-
troplating on the negative electrode surface, resulting in dendrite
formation. As time progresses, dendrites can penetrate the sepa-
rator and reach the positive electrode, causing internal short cir-
cuits (Fig. 4a) [59]. A sharp decrease in bulk resistance which can
be observed through EIS or dielectric spectroscopy will reveal the
presence of internal short circuits. Adding a thin intermediary layer
between the positive and negative electrode to monitor voltage
changes from lithium dendrites can enable early detection of bat-
tery failure (Fig. 4b).

Changes in interfacial resistance are closely connected to bat-
tery failure. The progression of various resistance components has
been tracked and linked to capacity loss [60]. As illustrated in Fig.
4c, this capacity fade is due to the poor contact with the SSEs
during delithiation. High-frequency resistance remains almost un-
affected by the state of charge (SOC), indicating that this resis-
tance is related to ions transport within the bulk phase of the
SSEs (Rsg, puik)» Which is similar to the resistance (Rsggp) at the
grain boundaries. During subsequent charging, Rsgjanode returns to
its initial value. Significantly, the interface resistance at the posi-
tive electrode rises considerably during the first two battery cycles,
especially during the first charge, leading to a rise in Rsgjcathode-
The disparity in overpotential observed from impedance spectra
compared to galvanostatic cycling is attributed to formation effects
(Fig. 4d).
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The regulatory mechanism of packing conduction path by qualitative analysis of
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3.2. Frequency-dependent spectroscopy

At the microscopic level, researchers have proposed various
models and hypotheses, as well as employed different character-
ization methods to directly investigate the conduction pathway of
Li ions. As shown in Fig. 5, solid-state nuclear magnetic resonance

(NMR) is a quantitative solid-state transport characterization tech-
nique, which has been commonly applied to research solid-state
ion conduction. Zheng et al. utilized selective Li isotope labeling
and solid-state NMR to investigate the conduction process of the
LLZO-PEO(LiCl04) composite electrolyte system, identifying three
conduction processes in the composite electrolyte through charac-
teristic peaks: polymer internal conduction, LLZO crystal internal
conduction, and interfacial conduction [61]. By fabricating symmet-
ric cells with electrodes labeled with SLi isotope and electrolytes,
they found that the substitution of 6Li ions for 7Li ions primar-
ily occurred in the LLZO ceramic phase during the cycling pro-
cess, with Li ion migration being controlled by the LLZO phase.
The characteristic resonance peak of SLi allowed for the qualita-
tive determination of the transport environment and the propor-
tion of reacting ions in different channels, revealing the channel
selectivity of ion conduction. When LLZO accounted for 50 wt%,
lithium ions tended to be transported internally within the LLZO
ceramic. Zhang et al. also investigated the influence of active nano-
filler concentration on ionic conductivity and the regulation of ion
transport pathways in the LLZO-PEO. As shown in Fig. 5c, when the
LLZO filler content was below 20 wt%, Li* conduction primarily oc-
curred within the PEO polymer. However, when the LLZO content
reached the critical point of 20 wt%, the LLZO particles formed a
permeable network, blocking the Li* conduction channel within
the PEO and leading to a switch in the transport pathway of Li
from the PEO matrix to the interconnected LLZO filler. The criti-
cal point of conduction channel switching was strongly connected
to the particle size and structural parameters of the filler. Addi-
tionally, the addition of liquid tetraglyme to the composite ma-
terial facilitated the rapid conduction of a significant number of
lithium ions through the polymer-filler interface. These findings
indicate that with an increase in LLZO content, the primary path-
way for ion transport shifts from the polymer phase to the ceramic
phase [62].
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Characterizing ion migration in composite SSEs presents a chal-
lenging task that requires coverage of an ultra-wide frequency
range. Apart from EIS, high-frequency dielectric spectroscopy (DS)
(from 10% Hz to 10 Hz) can also be utilized to determine the
AC conductivity at specific frequencies, thereby characterizing the
multi-scale relaxation processes within complex-phase materials
by differentiating frequency ranges. Dielectric spectroscopy is a
valuable method for characterizing ion conduction under external
alternating electric fields. It provides insights into ion dynamics
and relaxation processes. Within the frequency range of 10* Hz
to 10° Hz, ss-NMR spectroscopy is effective in separating ion con-
duction states and kinetic processes in both the interfacial and
bulk phases. By applying a magnetic field, ss-NMR can regulate
anisotropic interactions between conductive ions and interfaces,
offering valuable insights into ion conduction mechanisms.

The combination of EIS and blocking electrodes is generally
used for characterizing the overall ion conductivity of composite
SSEs. EIS covers from 10-2 Hz to 10 Hz, providing information
about ion transport and interfacial processes. Within the range of
10~2 Hz to 103 Hz, chronoamperometry (CA) is a commonly used
time-domain method that measures diffusion rates and other ki-
netic parameters. By applying a constant voltage as the excita-
tion signal, CA offers valuable information about ion diffusion pro-
cesses. Additionally, CA data can be converted to the frequency
domain, allowing analysis from 102 Hz to 103 Hz. By employing
these characterization methods across different frequency ranges,
researchers can understand ion migration and conduction behavior
in composite SSEs, facilitating further advancements in SSBs devel-
opment.

In current research, extensive efforts have been made to analyze
conduction mechanisms at different scales using the aforemen-
tioned methods. However, to achieve a comprehensive understand-
ing of the multi-scale ion conduction mechanism in SE, it is cru-
cial to establish connections between different scales of ion trans-
port by combining these diverse spectroscopic techniques. Zhang
et al. integrate DS, EIS, and CA methods to jointly characterize the
ion conduction behavior of SSEs [63]. They developed an integrated
analytical approach to study ion conduction in SE across 10~2-1010
Hz, and employed this method to investigate influence of the flu-
orine content (xg) and volume fraction (v) of TiO, fillers on the
ionic conductivity of SSEs. In their study, the SSEs polymer ma-
trix consisted of polyethylene oxide (PEO) and polyvinylidene fluo-
ride (PVDF) with TiO, and surface-modified fluoride TiO, (F-TiO;)
nanoparticles serving as fillers, and LiTFSI was used as the lithium
salt. Figs. 6a and b present the obtained key physical parameters
of ion conduction, including o, E,, cg, and ¢, through the combina-
tion of analytical methods. The dependence of these key conduc-
tion parameters on filler volume and surface structure was inves-
tigated. When the TiO,vol fraction is 10%, the total ionic conduc-
tivity reaches 3.1x10~> S/cm, which is more than 15 times higher
(Fig. 6¢). Fig. 6d separates the contribution of the decrease in E,
and the increase in ¢y to the improvement of ionic conductivity.
Comparison reveals that the decrease in E, contributes significantly
more than the increase in charge carrier concentration (c). Mar-
cus’ theory established a linear correlation between dielectric con-
stant and activation energy. The increased surface fluorine content
of TiO, fillers caused a reduction in the dielectric constant of the
SSEs, which in turn led to a decrease in activation energy and an
enhancement in interface conductivity. Additionally, an equivalent
circuit model was employed to elucidate ion conduction in SSEs.
The ideal v of inorganic fillers can be determined by the competi-
tion between bulk and interface conduction. These insights offer a
fresh perspective on the ion conduction mechanism in solid-state
Li-ion composite electrolytes.

Such multiscale method could be used to analyze the interface
and volume effects of fillers for promoting ionic conductivity
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(Fig. 7) [63-65]. The volume effect of fillers pertains to filler
loading, while the interface effect involves using functionalization
to modify the filler surface. With increasing inorganic fillers, more
highly conductive channels are obtained via the polymer/filler
interface (Figs. 7a and b). To represent the overall ion conductance
in composite SSEs, a straightforward series equivalent circuit
model has been developed (Fig. 7d), which can be written as:

1
(om)® + (o (1 —1n))P

where o is ionic conductivity of neat polymer electrolyte, w is
the normalized factor, 7 is the volume fraction of interface, oy and
og are the ionic conductivity of interface and bulk phases, respec-
tively, « and B are the Bruggeman correlation. Subsequently, the
conducting competition mechanism between bulk and interface
phases of polymer matrix could be also demonstrated by a volcano
plots (Fig. 7c). A dimensionless variable, k, has been calculated
to demonstrate the optimal volume fraction of inorganic fillers,
which helps to better understand the competition between bulk
and interface conduction, as detailed below:

> 2
‘ 7 (b? - a?) _ (1 —v)b? 9)

7T(a+l)2 ez (a+ l)2 — vb2

Ototal = Op + W

(8)

where q, b, and [ are radius of inorganic filler, respectively. Further-
more, the volume fraction is denoted as v = (a/b)2. The thickness

of interface layer could be acquired by Debye length | = /is—‘g.

Therefore, k can be simplified as:
ke 17V (10)
(v2+2y)v

where y is the ratio of interface thickness and filler radius
(y =la). For the case of the variable ~1, the corresponding v is
linked with the optimal volume fraction of the composite SSEs,
which would present the maximum total ion conductivity. As a re-
sult, the interface phase occupies the maximum volume fraction:

(1+ ) *Voptimal = 1 (11)

The optimal volume fraction of filler vy, is closely related to
y. Moreover, the optimal volume fraction could be also used as the
critical value in other types of composite SSEs. Such physical sce-
nario has highlighted a platform to optimize filler fraction and ion
conductivity with consideration of interfaces and bulk electrolytes.
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3.3. 2D morphological imaging methods

The issue of lithium dendrites has long hindered the develop-
ment of LIBs. Previous research has identified that the lithium den-
drites will grow at grain boundaries within SSEs, while the ex-
act function of the boundaries in the nucleation and branching of
metallic lithium remains ambiguous [66]. Zhu et al. conducted a
comprehensive investigation into the mechanism of lithium den-
drite formation and evolution using operando Kelvin probe force
microscopy (KPFM), which was used to test surface potential
changes and lithium-ion transport in a garnet-type SSEs, specifi-
cally LLZO [67]. In their study, a potential of 300 mV was applied
to symmetric cells, and KPFM were taken at various positions on
the LLZO surface (Fig. 8). The results showed that the reduction
in Galvani potential occurred exclusively at grain boundaries close
to the sites of deposited lithium. Consequently, grain boundaries
did not exhibit distinct ion transfer characteristics. In LIBs, the dis-
tribution of surface potential within SSEs is influenced by various
factors, including Li-ion concentration, temperature, and voltage.
These factors affect the Li-ion transport process, further influencing
the formation and evolution of lithium dendrites [68,69]. KPFM, as
an effective characterization method, enables researchers to gain a
deeper understanding of solid-state interface reactions and Li-ions
transport processes in LIBs.

In terms of in-situ observation, Li et al. utilized transmission
electron microscopy (TEM) to investigate the space charge region
(approximately 3 nm) at the interface between the gallium and
LLZO/PEO electrolyte [62]. The conduction model proposed that
the improvement in ion conductivity could be attributed to ion
conduction within the space charge region and its permeation.
Nomura et al. employed in-situ electron microscopy to observe
the Li-ion space charge region at the interface, characterized by a
few nanometers in width, and also examined its impact on Li-ion
transport behavior. They used LLZO as both the SSEs and electrode,
and employed electron energy loss spectroscopy (EELS) technique
to observe the space charge region within an energy window
in TEM and STEM measurement [70]. Fig. 9a shows the sample
structure for phase-shift holography and EELS. Two Cu films with
250 nm thickness were deposited on an LASGTP wafer, with one
side thinned by focused ion beam milling for TEM observation.
The surface for TEM observation was then coated with a 20 nm
amorphous Al,;03 insulating film. A 10 nm conductive carbon
film was deposited on the Al,05; layer and grounded. The Al,04
and carbon films are not visible due to their thin and amorphous
nature (Fig. 9b). The Li-ion conducting phase (the dark gray re-
gion) and the AIPO4 grain (the light gray area) in LASGTP can be
observed. Moreover, the electron interferogram (hologram) was
captured in the cross-sectional of the Cu/LASGTP interface (Fig. 9c).
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Typical holograms around the interface are displayed in Fig. 9d,
with interference fringes in LASGTP bending near the interface,
as marked by the white dashed line. Fig. 9e shows phase images
acquired using the phase-shift method, where different colors rep-
resent the phase values. Further experimental evidence indicated
that this space charge region induced a local potential offset near
the electrode/SSEs interface and influenced Li-ions motion in the
vicinity of the interface. This study reveals the potential formation
of a space charge region at the electrode/SSEs contact, which
impacts ion transport behavior and provides important insights
for optimizing SSEs design, thereby promoting the research of
SSBs.

The conduction model suggests that the improvement in ion
conductivity is due to ion conduction and penetration within the
space charge region. However, existing characterization methods
typically concentrate on a single scale and can effectively charac-
terize the ion transport mechanism either at the micro or macro
scale. To better understand multi-scale transport models and es-
tablish connections between different scales, it becomes essential
to combine various single-scale characterization methods.

3.4. 3D morphological imaging methods

The neutrons can interact with the 6Li isotope, generating He
and 3H with precise energy, which can be used to determine the
location and quantity of lithium [71]. The neutron depth profiling
(NDP) can offers valuable insights into density and the approxi-
mate porosity of electrochemically deposited lithium. The neutron
depth profiles results suggest that the highly porous lithium ex-

tend into the electrolyte interior (Fig. 10a). In addition, the plating
potential can highly affect the deposition of lithium on the copper
current collector (Fig. 10b).

Operando NDP has been employed to track lithium plating and
stripping, as well as to identify short circuits in Li batteries. Fig.
10c presents a kind of in situ NDP configuration for Li-based SSBs
[72]. This battery sample is placed inside a vacuum chamber and
on a temperature-controlled aluminum, and the neutron beam in-
teracts with the sample to produce *H which are detected by a Si
detector. Two distinct cell configurations were assembled and stud-
ied, one is a Li symmetric cells with a garnet-type SSEs and two Li
metal electrodes, another is a Li asymmetric cells with Li-free elec-
trodes and Li metal electrode. In symmetric cells, lithium metal
was melted onto both sides of the garnet SSE with a titanium
strip acting as current collector during the process. For asymmet-
ric cells, the Li-free electrodes was a carbon nanotube (CNT) film,
which was applied to the garnet SSEs pellet. Moreover, a Kapton
film was used to block alpha particles, enhancing the depth res-
olution during the NDP testing. In the initial stripping cycle, over
half of the plated lithium could not be stripped reversibly, which
is corroborated by the rising voltage of 0.1 V. Meanwhile, the NDP
signal also changed based on the current direction during cycling
(Fig. 10d). As the current intensity increased, the wide of the NDP
peaks extended into the interior (Fig. 10e), suggesting that lithium
builds up at the interface and gradually moves into the garnet
interior [72].

Figs. 11a-c show the visualized results of Na dendrites in
NASICON-type electrolytes, which were obtained by integrating
time-of-flight secondary ion mass spectrometry mapping (TOF-
SIMS), X-ray photoemission spectroscopy (XPS), and time-resolved
EIS [73]. The NASICON electrolytes are chemically unstable con-
tacting with Na metal, and the diffusion-controlled interfacial reac-
tions will occur. Na-based SSEs, though typically regarded as stable
with Na metal, actually react with Na metals to some extent, re-
sulting in a considerable rise in interfacial impedance. The Na sym-
metric cells showed the polarization increases gradually on cycling.
No significant changes are observed in both the SSE and interfa-
cial charge transfer resistance before and after cycling, while the
interphase resistance increases nearly threefold, likely due to its
gradual thickening. Therefore, the interfacial reactions are mainly
caused by the electrochemical reduction of NZSP. As a result, the
growing voltage polarization aligns with the formation of a thicker
interphase layer during cycling (Fig. 11c).

The three-dimensional elemental maps generated by combining
these techniques can reveal elements and phase transitions. For ex-
ample, TOF-SIMS was used to analyze the failure behavior of LLZO
electrolyte in air (Fig. 11d) [74]. Freshly prepared LLZO exhibits uni-
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form distributions of Al and La element. In contrast, after storing
for one year in air, the surface concentration of Al element de-
creases, while La element forms a pronounced concentration gradi-
ent. Al diffusion is substantial, extending beyond the interface area
to the opposite end of the LiCoO, layer. Al atoms occupy the Li
sites in LLZO, stabilizing the cubic phase. As Al leaches out of LLZO
and diffuses into LiCoO,, the cubic LLZO at the interfaces trans-
forms into the tetragonal phase.

The X-ray nano-computed-tomography (CT) technique can be
used to study the structural evolution of solid-state composite pos-
itive electrodes during the process (Figs. 12a-h), analyzing the ef-
fects of electrochemical behavior on ion transport in SSEs [75].
The observation shows that ion intercalation/deintercalation first
occurs in the particles of positive electrode near the SSEs layer.
Under concentration polarization, active ions efficiently diffuse
into SSEs particles and move smoothly between the positive elec-
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Reprinted with permission [75]. Copyright 2022, Wiley-VCH.

trode and SSE electrolyte, due to the formation of a stable elec-
trolyte/electrode interface. This stability is further confirmed by
similar EIS results of the SSBs at different SOCs, explaining the
small voltage drop of the battery (Figs. 12i and j).

3.5. Multiscale morphological imaging methods

In order to understand the mechanisms of ion transport and in-
terfacial reactions in SSEs, researchers often employ a combination
of advanced characterization techniques across various scales to
observe their evolution during electrochemical cycle. For instance,
Patrice Perrenot et al. studied homemade amorphous 75% Li,S-
25% P,Ss (Li3PS4) to know the effect of pressure and sintering time
at room temperature (Figs. 13a-h). They used a geodesic distance
map to show how pores influence dendrite formation and Li metal
movement in the SSE during cell assembly. Surprisingly, this re-
sult indicates that sintered SSE with porosity of 3.5 vol% could still
allow dendrite propagation if pressure is applied for a short dura-

10

tion. However, the porosity to rearrange and close when the SSE is
sintered for a longer period [76].

Zhang et al. proposed enhancing the interface stability between
the Lig4LlasZri4TaggOq (LLZTO) and electrode by depositing a KF
thin film on the surface. The SEM image and EDS mapping show
the KF modifying layer and smooth surface (Fig. 13i) [77]. The
TOF-SIMS clearly shows the variation of the K=, KF,~, TaO,~ and
ZrO,~ signals, suggesting the smooth deposition of the KF layer
(Figs. 13j and k). Similarly, Pang et al. constructed an IL-confined
MOF/Polymer 3D-porous membrane for the electrochemical trans-
formations of LiF/Li3N-rich SEI films on the nanofibers. The results
show that TFSI~ anions move freely without the IL confined by ZIF,
leading to the formation of LiF on the surface of Li negative elec-
trode. In the PAN/IL cell, the decomposition of TFSI~ in the gap be-
tween the Li negative electrode and separator results in a thicker
SEI layer, obstructing diffusion channels and impeding Li-ions mi-
gration. The incorporation of a 3D-Janus SEI into the separator pro-
vides fast Li-ions transport pathways (Figs. 131-o0) [78].
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Fig. 13. (a-h) 3D map of Li/LPS interface under various pressure and time condition. Reprinted with permission [76]. Copyright 2024, Wiley-VCH. (i) SEM image and EDS
mapping of LLZTO-KF. (j, k) 3D and 2D view of element distribution. Reprinted with permission [77]. Copyright 2024, Springer Nature. (1-o) TEM and TOF-SIMS maps of

LiF-rich SEI Reprinted with permission [78]. Copyright 2023, Wiley-VCH.

4. Designing hierarchical fillers for composite SSEs with fast
ionic transport abilities

In SSBs, rapid ion transport at interfaces is critical especially for
nanomaterials system due to the more interfaces. Apparently, the
grain boundaries will play a crucial role in ion migration. Molec-
ular dynamics simulations on a large scale have demonstrated
that the E, for ions migration in grain boundary is higher than
that within the lattice in anti-perovskite structures. Deformation of
the lattice near grain boundaries and interfaces creates additional
pathways for interface charge transport. EIS results revealed that
the conductivity of grain boundaries in materials, such as LLTO and
LISICON, contributes significantly to the overall ionic conductiv-
ity, accounting for approximately 40 %-50% of the total impedance.
While the E, for charge transfer along a single grain boundary in
LLZO is similar to that through the entire grain, the reduced grain
boundary resistance results in improved transport performance.
Consequently, air-sintered LLZO exhibits higher conductivity than
argon-sintered LLZO [79].

At non-uniform interfaces, free ions will redistribute according
to varying chemical potentials when two materials come into con-
tact, forming a space charge layer. The space charge layer and the
potential distribution can be studied through calculation and simu-
lation methods. These findings can be verified by combining tech-
niques [80]. The space charge layer generates an ultra-large elec-
trochemical potential gradient, which provides a fast ion transport
pathway at the interfaces.

The fillers will significantly affect the ionic conductivity of com-
posite SSEs, which is a common method to facilitate ion conduc-
tion at interfaces. Polymer electrolytes containing polar atoms of-
ten crystallize at room temperature, resulting in slow ion diffu-
sion. The ionic conductivity of polymeric SSEs is closely associated
with the amorphous regions. Constructing composite electrolytes
can enhance the presence of highly conductive interfaces, and es-
tablishing continuous interface channels represents an effective ap-
proach for preparing composite electrolytes with high ionic con-
ductivity [81].

Incorporating inorganic fillers into polymer electrolytes sig-
nificantly enhances conductivity. The addition of certain plasma-

1

conductive fillers, such as LLZO, effectively enhances the room
temperature conductivity of polymers while reducing the activa-
tion energy. This addresses the challenge of high activation energy
barriers observed in the transport behavior of pure polymers at
both low and high temperatures. Computational calculations have
demonstrated the correlation between the ceramic/polymer inter-
face and ionic conductivity, and results have validated the applica-
bility of this theory in composite electrolytes [82].

Nevertheless, there are instances that contradict this theory,
as evidenced by the experimental findings of the Duward group,
where the introduction of fillers showed minimal effect on ion
transport [83]. Molecular spectroscopy results also indicate that
the addition of inert oxide fillers does not significantly impact the
dissociation degree of lithium salt within the polymer. It should
be noted that excessively high filler content can lead to conductiv-
ity suppression. Composite SSEs, characterized by the presence of
phase-phase interfaces, exhibit unique properties that pure poly-
mer electrolytes lack. Nevertheless, their operating mechanism re-
mains unclear, and the ongoing debate regarding transport mech-
anisms is a gradual process. Analyzing the filler-enhanced mech-
anism for achieving high ionic conductivity in composite elec-
trolytes is essential for designing high-performance systems.

4.1. Zero-dimensional nanofillers for composite SSEs

The size of fillers is a crucial element in determining the con-
duction behavior of composite SSEs. Large filler sizes can obstruct
ion conduction channels and reduce ion transport rates, especially
when high proportions of non-ionic conductive fillers are used, re-
sulting in significant suppression effects. Quantum dots, as zero-
dimensional (0D) nanomaterials with particle diameters below 10
nm, offer promising potential as fillers for mixed electrolytes [84].

In 2018, Wei et al. introduced carbon quantum dots (CQDs) as
fillers in polymer SSEs. Microstructural analysis revealed that the
aldol condensation reaction-derived CQDs had diameters of only
2-3 nm [85]. The addition of CQDs to pure PEO films resulted in a
darker color in the composite electrolyte film. The PEO-CQD elec-
trolytes show favorable mechanical properties and a Li-ions con-
ductivity of 1.39x10~% S/cm after incorporating CQDs. Mechanism
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glycol fatty acid ester (PEG) grafted polymer quantum dot composite electrolyte.
Reprinted with permission [86]. Copyright 2022, Elsevier.

analysis indicated that the CQDs can reduce the crystallinity of PEO
and enhance the dissociation of lithium salt, facilitating the rapid
transport of lithium ions (Figs. 14a-e).

In 2021, Kou et al. employed PPQDs to improve Li-ions migra-
tion. PPQDs with abundant active sites can reduce the crystallinity
of PEO and facilitate the dissociation of lithium salt (Fig. 14f) [86].
Despite the potential of quantum dots as multi-component ma-
terials, their application in composite electrolytes remains rela-
tively unexplored, leaving ample room for further investigation.
Apart from CQDs, the effects of quantum dots derived from com-
mon non-conductive inorganic fillers like Al,03 [87], TiO, [88],
Si0, [89], and ZrO, [90] on electrolyte transport properties have
been extensively studied. For instance, the addition of nano-TiO,
to a PEO matrix resulted in an ion conductivity with 1.4x10~4
S/cm, which was one order of magnitude higher than that of a
PEO/TiO,/LiCl04 electrolyte [91].

In addition to electronic conductive and insulating materials,
ceramic particles with fast ion conduction properties are also uti-
lized as 0D fillers. The inclusion of ceramic fillers disrupts the crys-
talline phase of the polymer and reduces the crystallinity. The in-
troduction of nano-sized ceramic fillers in composite electrolytes
results in higher ion conductivity compared to micro-sized poly-
mer electrolytes, owing to the penetration effect. Scrosati et al.
proposed that nano-ceramic fillers affect the structural rearrange-
ment of polymer electrodes and improve the structural stability of
polymer electrolytes [92].

LLZTO nanoparticles, a well-known ion-conducting ceramic,
have been employed as fillers in polymer composite electrolytes.
LLZTO nanoparticles of different sizes were used, resulting in cor-
responding ion conductivities [93]. The size of the ceramic fillers
has a notable influence on the conduction behavior of composite
electrolytes. Nano-sized LLZTO fillers exhibit better dispersibility
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Fig. 15. Design of one-dimensional packing of composite electrolyte: (a) Schematic
diagram of the transport channel of Li* in different structural fillers. (b)
Macro/microscopic characterization and schematic of PI packing electrolytes.
Reprinted with permission [96]. Copyright 2019, Springer Nature. (c) Internal
Li* transport mechanism of Mg;B,0s nanowire packing composite electrolyte.
Reprinted with permission [94]. Copyright 2018, American Chemical Society.

than their micro-sized counterparts, forming a continuous interfa-
cial conduction network with a larger surface area. Consequently,
the nano-filled composite electrolyte demonstrates higher ion con-
ductivity. Considering the impact of filler particle size on the per-
meation effect of composite electrolytes, careful selection of the
size of inorganic electrolytes is crucial for effective performance
enhancement.

4.2. One-dimensional nanofillers for composite SSEs

The incorporation of one-dimensional (1D) nanowires into poly-
mer electrolytes allows for the creation of a continuous inter-
face comprising highly conductive phases. This approach has been
widely employed to improving the transport of lithium ions and is
commonly used as a filler in mixed SSEs.

Zhang et al. conducted a study in which ion-conductive com-
posite SSEs were prepared using vertically aligned anodic alu-
minum oxide (AAO) as the filler material [94]. Fig. 15 illustrates the
mechanism through which 1D nanowires improve the ion trans-
port properties of composite electrolytes compared to 0D nanopar-
ticles as fillers. For composite electrolytes containing nanoparticle
fillers, the ion transport path is discontinuous. However, with the
dispersion of 1D nanowires, a bridging effect is achieved, connect-
ing the conductive interfaces and enhancing the ion conductivity.
The AAO fillers, through directional regulation, provide through-
filling/polymer interface conduction channels, thereby greatly en-
hancing the rate of ion transport. Professor Yi Cui and his col-
leagues visually demonstrated this mechanism and obtained con-
ductive channels. Consequently, the composite electrolyte achieved
an overall ion conductivity [94,95].

In Fig. 15b, the incorporation of polyimide (PI) into vertically
aligned poly (ethylene oxide) (PEO) enables the construction of
composite electrolytes with connected conductive channels [96].
The presence of PI in the vertical nanochannels forms a continu-
ous channel that facilitates rapid ion transport and increases the
Young's modulus of the electrolyte. This enhancement in mechan-
ical properties helps prevent the growth of lithium dendrites. The
PI resulted in an increase in ion conductivity from 5.4x10~° S/cm
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to 2.3x10~% S/cm in the composite SSEs. Furthermore, compared to
pure PEO polymer electrolytes, the outer surface of the nanochan-
nels in the PEO/PI/LiTFSI composite electrolyte with 200 nm di-
ameter nanochannels exhibited a distribution of crystals, indicating
that the nanochannels also affect the crystallinity of PEO. Simula-
tion analysis revealed that the migration rate of lithium ions along
the z-axis of the composite electrolyte in the nanochannels is re-
markably higher than that in the x and y directions. This observa-
tion is consistent with the measured conductivity results and con-
firms the role of 1D nanowire interfaces in promoting ion conduc-
tion. Sheng et al. identified the rapid transport of Li* at the inter-
face of Mg,B,05 and PEO as a key factor in improving ion conduc-
tivity (Fig. 15¢) [97]. Additionally, Chen et al. observed similar in-
teractions on Ca-CeO, nanotubes, where the nanotubes surface can
adsorb TFSI- anionic groups to promote the dissociation of LiTFSI
salt into Li* [98]. Liu et al. executed a study comparing the ion
transport behavior of LLZTO nanoparticles, random nanowires, and
aligned nanowires [99]. Based on SEM characterization, they found
that the composite electrolyte exhibited maximum ion conductiv-
ity when the nanowires were aligned. This alignment resulted in
high Lit conductivity at the interface, with non-crossing paths. At
30°C, the composite SSEs with aligned LLZTO nanowires achieved
a ten-fold increase in ion conductivity of 6.05x10~° S/cm. The E,
value for ion conduction also decreased, indicating that the aligned
nanowires provided a rapid ion transport pathway.

Zhao et al. utilized aligned Lig4La3Zr,Aly;01, (LLZO) nanofibers
as modified fillers in a composite electrolyte with PVDF poly-
mer electrolyte as the filling material [100]. They employed the
sol-gel method and electrospinning to obtain 245 nm ordered
LLZO nanofibers. The LLZO nanofibers were then mixed with PVDF
nanofibers to form the composite electrolyte. In comparison to
the unfilled PVDF/LiClO,4 electrolyte, the electrolyte with aligned
ceramic nanofibers exhibited enhanced thermal stability and me-
chanical properties. The Young’'s modulus along the direction of
the aligned nanofibers was measured at 1.8 MPa, and the ion con-
ductivity reached 0.12x10 mS/cm at 30°C. The composite elec-
trolyte was further tested in an NCA ternary cathode assembled
with a Li battery, demonstrating 200 mAh/g and cycling sta-
bility. Similarly, Lij,4AlxTi; x(PO4)3 exhibited enhanced transport
characteristics.

4.3. Two-dimensional nanofillers for composite SSEs

While two-dimensional nanofillers may have limitations in
terms of thermal stability and electronic conductivity, their large
specific surface area and high aspect ratio provide advantages
in promoting ion transport when combined with a polymer ma-
trix [100,101]. Graphene oxide (GO), as a representative two-
dimensional material, has been successfully used as a filler in PEO-
based composite electrolytes by Professor Haleh, resulting in a
nearly two orders of magnitude increase of ion conductivity and
improved mechanical strength [102]. Solid-state graphite/LiCoO,
batteries fabricated using this composite electrolyte demonstrated
good cycling stability. However, the electrochemical instability and
high electronic conductivity of graphene oxide hinder its broader
application.

Vermiculite (VS) has been identified as a suitable filler for com-
posite electrolytes, with a thickness of about 1.5 nm to improve
performance [103]. This electrolyte exhibited 0.12x10 mS/cm, and
the LIBs assembled with this electrolyte showed stable cycling for
over 60 days, benefiting from the electronegativity of the VS sur-
face that enhanced ion interface transport (Fig. 16a). Rojaee used
black phosphorus (BP) as an additive, where the surface of BP
adsorbed TFSI~ anionic groups, reducing the binding force be-
tween Li*™ and N and improving ion conductivity [104]. Layered
double hydroxide (LDH), another two-dimensional material with a
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Fig. 16. Design of two-dimensional packing for composite electrolyte: (a) Schematic
diagram of the synthesis arrangement process and ion conduction mechanism of
VS filler. Reprinted with permission [98]. Copyright 2020, Wiley-VCH. (b) Schematic
diagram of monolayer double hydroxide nanosheet-enhanced PVDF-HFP composite
polymer electrolyte. Reprinted with permission [100]. Copyright 2019, Springer Na-
ture.

nanosheet morphology, was employed by Xia et al. to enhance Lit+
migration rates in PVDF-HFP polymer electrolytes [105].

Fig. 16a demonstrates how black phosphorus (BP) captures
TFSI~ groups to increase the presence of Li™ ions and improve ion
conductivity. MXene, as a newcomer among 2D materials, has also
been considered for applications in composite electrolytes [106].
However, the high electronic conductivity of MXene poses a lim-
itation, necessitating modification studies. Shi et al. proposed a
novel approach to modify MXene nanosheets with mesoporous sil-
ica (MXene-mSiO,) to reduce the electronic conductivity of MX-
ene nanosheets [107]. The modified nanosheets can then be in-
corporated into composite electrolytes, significantly enhancing the
mechanical properties of the composite. Typically, 2D fillers are
randomly distributed in the polymer matrix, but exploring or-
dered 2D fillers that regulate the entire system holds greater re-
search value. Ordered 2D materials with continuous conduction
pathways exhibit superior effects on overall ion transport com-
pared to disordered 2D materials. Based on this understanding, Luo
et al. developed vertically arranged vermiculite sheets (VAVS) to
investigate their transport control mechanism in composite elec-
trolytes [108]. VAVS was prepared, and SEM images clearly de-
picted the vertically ordered arrangement of VAVS. Comparatively,
under the same conditions, PEO composite electrolytes with verti-
cally ordered VAVS as fillers displayed higher ion conductivity than
those with disordered vermiculite (VS) fillers. Continuous conduc-
tion pathways were essential in enhancing ion transport. Fig. 16b
shows the use of GO nanosheets as templates for the synthesis of
2D LigsLlasZr;5sNbgs0¢, by Hu et al. [109]. They grew a garnet pre-
cursor layer on the surface of GO, followed by the removal of the
GO template to obtain garnet nanosheets. These garnet nanosheets
create a continuous Li-ions transport pathway at the interface, re-
sulting in an increased ion conductivity of 0.36 mS/cm.
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Copyright 2018, Wiley. (b) Geometric structure construction process of 3D LLTO/PEO composite electrolyte filler. Reprinted with permission [117]. Copyright 2018, Wiley-VCH.
(c) Schematic diagram of the 3D structure LAGP/polymer composite electrolyte formation process. Reprinted with permission [118]. Copyright 2018, The Royal Society of

Chemistry.

4.4. Three-dimensional nanofillers for composite SSEs

The incorporation of three-dimensional (3D) skeletons as fillers
in polymer electrolyte systems addresses the challenges of filler
uniformity and mechanical strength in composite electrolyte mem-
branes. The use of 3D skeletons creates additional interfaces for ion
transport pathways, thereby enhancing the performance of SSEs
[110,111]. Cellulose, a polymer support structure found in non-
woven fabrics, was initially utilized by Zhang et al. to develop a
stable, high ion conductivity, high voltage, and safe-enhanced com-
posite polymer electrolyte when combined with propylene carbon-
ate (PPC) polymer [112]. SEM images revealed the freely arranged
nanofibers of the non-woven fabric with large pores. Following the
addition of the PPC polymer electrolyte, the composite electrolyte’s
surface appeared smooth, indicating the successful construction of
a continuous structure supported by cellulose non-woven fabric.
In comparison to pure PEO polymer electrolyte, the cellulose-PEO
composite electrolyte exhibited a significant improvement in ion
conductivity under the same conditions. The excellent dynamic
performance was verified using electrochemical impedance spec-
troscopy, and the solid-state soft-packaged battery demonstrated
good cycling stability. Lin et al. employed 3D SiO, aerogel as the
filler to provide a mechanically robust skeleton and create a con-
tinuous interfacial conduction network in the polymer electrolyte,
capable of absorbing anions and facilitating Li-ions transport [113].
The composite polymer electrolyte reached an ion conductivity of
1 mS/cm at 40°C, approaching the transport performance of tradi-
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tional electrolytes at the same temperature. The enhanced suppres-
sion of lithium dendrite formation was confirmed through lithium
symmetry experiments, with the SiO, aerogel-enhanced composite
polymer electrolyte exhibiting an extended cycle life compared to
the electrolyte without SiO, aerogel, which led to a short circuit in
a shorter duration.

The conductive ceramic fillers offer a chance to generate ad-
ditional ion transport pathways and enhance the ion conductiv-
ity of SSEs. Professor Hu's group utilized electrospinning tech-
nology to produce a PEO-based composite SSEs filled with 3D
Lig4LazZryAlg501, (LLZO) fillers, resulting in a randomly dis-
tributed ceramic nanowire network that formed an interfacial ion
conduction network with multiple conduction paths [114].

The 3D LLZO ceramic skeleton improved the thermal stability,
enhanced ion conductivity, and suppressed the lithium dendrites,
making it a high-performance filler within the PEO matrix. Tem-
plate synthesis, a classic design method, has also been employed
for the 3D nano-filler structure design of LLZO. Xie et al. utilized
BC as a template to fabricate 3D LLZO nano-fillers (Fig. 17a). The
3D LLZO greatly enhanced the ion conductivity of the composite
SSEs by creating a fast ion transport pathway for the electrolyte
and enabling rapid Li-ions conduction within its lattice [115].

In terms of mechanical properties, Hu et al. adopted a re-
verse approach by using a porous PI film to prepare an elec-
trolyte [116]. The porous PI film consists of interconnected fibers,
creating numerous large pores. The 3D porous structure fully
permeates the polymer electrolyte, forming a continuous path-
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way for Lit transport, which is reflected in the enhancement
of ion conductivity (Fig. 17b). SEM images demonstrate that the
PI/PVDF/Lig35Lag55TiO3 (LLTO) composite electrolyte exhibits a
smooth lithium metal surface with fewer lithium dendrites, fur-
ther highlighting the crucial role of PI in the system. Results from
Li symmetrical cell tests indicate that the porous PI film can in-
crease the mechanical strength and improve the compatibility be-
tween the composite SSEs and the Li electrode. The PEO poly-
mer coating on the LLZO fiber can also serve as a protective layer
to enhance the mechanical elasticity of the structure. The flex-
ible test of the composite electrolyte soft pack battery demon-
strates stable electrochemical impedance. Yu et al. employed a
crosslinking agent to prepare 3D LLTO nano-fillers, obtaining a
composite SSE with ion conductivity of 8.8x10~5 S/cm, whereas
the pure PEO polymer electrolyte was only 2.2x10% S/cm [117].
Except from electrospinning and template methods, 3D printing
technology represents an advanced approach for structural design.
Zekoll et al. utilized 3D printing technology to fabricate LAGP (Fig.
17¢) with various 3D structures [118]. These structures were then
combined with polypropylene or polyethylene oxide to produce
high-performance composite electrolytes. Four types of 3D print-
ing structures were designed: cube, gyroid, diamond, and Bijel-
derived structure, each affecting the physical, chemical, and elec-
trochemical properties due to their distinct structures. Among the
four composite electrolytes, the gyroid structure composite elec-
trolyte exhibited the highest conductivity. Additionally, the com-
posite electrolyte demonstrated excellent mechanical properties,
with a strength five times higher than that of LATP nanoparticles.

5. Conclusion and outlook

In order to meet the commercial demand for solid-state en-
ergy storage technology, it is necessary to develop SSEs with both
high ion conductivity and stable mechanical properties. This re-
view offers a comprehensive introduction and summary of the ion
transport principles in the SSEs and characterization methods, and
briefly discusses the energy storage applications of solid-state com-
posite electrolytes. Numerous studies have indicated that the ge-
ometric structure and interface design of nanofillers can signifi-
cantly enhance the conductivity. However, the fundamental mech-
anism for substantially enhancing the ion transport via complex
fillers is not yet fully understood, owing to the presence of mul-
tiscale effects induced with various fillers. Therefore, the optimiza-
tion strategy for fillers in composite electrolytes remains unclear.
There is a lack of effective multi-scale solid-state ion transport
characterization and analysis methods that can quantitatively clar-
ify the key factors contributing to the improvement of ion conduc-
tivity in the composite electrolytes.

Despite the significant progress made in designing high-
performance composite electrolytes in recent years, there are still
some limitations to address to achieve fast ion transport behav-
ior competitive to the traditional liquid electrolytes. In the char-
acterization and understanding of ionic transport behaviors in the
SSEs, multi-scale analysis methods play a crucial role. These meth-
ods allow for the study of material performance changes at var-
ious scales, ranging from microscope to macroscope. Therefore,
the dominating factors that are responsible for manipulating ionic
transport at different scales would be clarified, which enables ef-
fective optimization of the design and preparation of SSEs. Specif-
ically, solid-state ion transport behaviors in the composite elec-
trolytes with different dimensional fillers are more complex. How-
ever, the current characterization methods for solid-state ion trans-
port are lack of the abilities to establish multi-scale connections
based on complicated transport phenomena. Therefore, developing
a comprehensive characterization method that experimentally cov-
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ers multiple scales is essential to analyze the multi-scale ion trans-
port mechanism of composite electrolytes.

Meanwhile, the design of the interface conduction channel in
complex composite electrolytes plays a crucial role in enhancing
ion conductivity. Current design strategies focus on establishing
connected interface conduction channels. However, the ion con-
ductivity of composite SSEs is strongly influenced by the geo-
metric structure parameters, conductivity characteristics, and in-
terface chemical structure of the fillers. As a result, the funda-
mental physical mechanisms behind the enhancement effects of
interface conduction remain unclear. It is highly urgent to de-
velop combined methods based on multiple technologies, aiming
at bridging the gap using separate single technology to character-
izing the ion transport at a specific scale. Thereby, the conduction
enhancement mechanism from microscopic filler-matrix interfaces
to macroscopic bulk composite electrolytes would be understood
in a multiscale view. As a consequence, a model that is able to
explain the filler regulation of ion transport in the composite SSEs
would be established. Also, such models upon balancing the dielec-
tric loss and actual energy storage would provide valuable insights
for guiding high-performance SSBs.
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