q '.) Check for updates

Review Europe
ChemSusChem doi.org/10.1002/cssc.202202152 Socrmues Pubtahng

www.chemsuschem.org

= lon Conduction in Composite Polymer Electrolytes:
Potential Electrolytes for Sodium-lon Batteries

[a] [a, b]

Xiaoyu Xu,”"® Yumei Wang,*® Qiang Yi,” Xinyu Wang,

Ramon Alberto Paredes Camacho,” Hans Kungl,” Ruediger Eichel," Li Lu,**" and
Huangwei Zhang*®™"

Liquid Quasi-solid-state All-solid-state

electrolytes electrolytes electrolytes
. ‘lon conduction in o
lon conduction in . lon conduction in
polymer/ceramic :
polymer . ceramic
interface

dy) SUoNIpUOD Pue SWB 1 Y} 88S *[£202/20/22] U0 ARIITBUIIUO A8|IM 'SSOINRS [EOIULIR L S31LKRIG 1T SN 810deBuIS JO AISBAIUN [RUOIRN Ad 26T202202 98S9/200T OT/I0pALI0D™A8 1M AReid iUl juo'ado.ne-ALs Iweyo//sdny woJj papeojumdi ‘0 ‘xy9Sy9sT

folim Arelgipul

ChemSusChem 2023, e202202152 (1 of 18) © 2023 Wiley-VCH GmbH

35UBD17 SUOLLLIOD BAI1ER1D 3(qedt|dde aus Aq pausenob afe sajoiLe YO ‘8sn JO S3|n 4oy AReid 1T auluQ A3|IAA UO (SUON


http://orcid.org/0000-0003-1217-9725
http://orcid.org/0000-0002-3794-2793
http://orcid.org/0000-0002-5215-5712
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcssc.202202152&domain=pdf&date_stamp=2023-02-27

Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemSusChem doi.org/10.1002/cssc.202202152

Sodium-ion batteries (SIBs) are expected to become alternatives
to lithium-ion batteries (LIBs) as next-generation rechargeable
batteries, owing to abundant sodium sources and low cost.
However, SIBs still use liquid organic electrolytes (LOEs), which
are highly flammable and have the tendency to leak. Although
inorganic solid electrolytes (ISEs) and solid polymer electrolytes
(SPEs) have been investigated for many years, given their higher
safety level, neither of them is likely to be commercialized
because of the rigidity of ISEs and the low room-temperature

1. Introduction

Energy conversion and storage have become a hot research
direction in the field of materials science because energy is an
important basis for human survival and development."™
However, with the continuous increasing demand for energy,
energy systems based on fossil fuels not only support the social
development, but also lay great hidden dangers for the
sustainable development of the earth* It is necessary to
accelerate the transition to green and low-carbon energy for
the purpose of reducing the dependence on fossil fuels.” Many
alternative energy sources like wind and solar have been used
for generating electricity,”” which are clean and sustainable
energy sources. However, solar and wind cannot offer a
continuous and reliable power supply, which means they are
intermittent, and require large-scale energy storage systems
with low cost to keep balance between supply and demand.® "

In the past three decades, lithium-ion batteries (LIBs) have
been quickly developed on account of high specific energy
densities and long cycle lifel""™" Currently, with the best
comprehensive performance, LIBs are widely being used and
dominate the market of portable devices and electric
vehicles.""'® Nevertheless, the lack of lithium sources and
increasing prices force people to find affordable alternatives for
LIBs. Sodium, as one of the most abundant sources in the world,
comes from the same group with lithium in the periodic
table."”"® They have similar chemical properties and the work-
ing principles of LIBs and Sodium-ion batteries (SIBs) are
basically the same.l'® The energy density of SIBs is not
comparable to LIBs due to the larger ionic radius?" and they
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ionic conductivity of SPEs. During the last decade, composite
polymer electrolytes (CPEs), composed of ISEs and SPEs,
exhibiting both relatively high ionic conductivity and flexibility,
have gained much attention and are considered as promising
electrolytes. However, the ionic conductivities of CPEs are still
unsatisfactory for practical application. Hence, this Review
focuses on the principle of sodium ion conductors and
particularly on recent investigations and development of CPEs.

cannot replace LIBs in the field of portable devices, but they
can play a good role in the large-scale energy storage systems
for low cost and environmental friendliness.”?

Another most concerned problem is the safety issues of
commercialized LIBs using liquid organic electrolytes (LOEs).”
Many accidents have happened due to the leakage and
flammability of LOEs.***' To solve the safety risks, solid state
electrolytes (SSEs) with improved chemical and electrochemical
stability and absent leakage have drawn more and more
attention.” SSEs can also realize the application of sodium
metal as anode to enhance the energy densities of SIBs,?”
whereas LOEs cannot use sodium metal for the continuous side
reactions.”®* Good SSEs should possess the following
requisites,***" including not only high ionic conductivity, trans-
ference number and stability but also good mechanical
strength, ability to inhibit dendrites and interface contact with
electrodes. Compared with LOEs, SSEs have many advantages
but poorer ionic conductivities. Generally speaking, the ionic
conductivities of LOEs can reach up to 107> Scm™'®% and much
higher than that of SSEs® The relatively highest ionic
conductivity of SSEs can reach up to about 107*Scm™'. For
practical application, the ionic conductivity of existing SSEs is
not high enough.

The classification of SSEs can be divided into three kinds,
which are inorganic solid electrolytes (ISEs), solid polymer
electrolytes (SPEs) and composite polymer electrolytes
(CPEs).B**31 ISEs are mainly ceramic crystals, they exhibit high
ionic conductivity of about 107°-10"*Scm™ under room
temperature and the transference number of sodium ion
migration number is close to 1. However, ceramics are rigid and
brittle, the contact between ISEs and electrode is a solid-solid
contact and will lead to a high interface resistance.*® SPEs
generally show a low ionic conductivity of about 107" Scm™'
under room temperature,*” but its excellent interfacial compat-
ibility with electrodes resulting in a low interfacial resistance is
beneficial to the practical application.®*** CPEs, who combine
both the relatively high ionic conductivity of ISEs and flexibility
of SPEs, gain much attention. Despite CPEs have the ability to
realize the purpose of high energy density and high safety, the
ion conduction mechanisms still have a dispute over which
component plays the crucial role in the migration of alkali metal
ions. To further improve the ionic conductivities of SSEs, ion
conduction mechanism should be understood.

Quite a few review articles discussed about the CPEs for LIBs
because LIBs have always been a hot research topic since its
successful application in 1991.#*¥ Although SIBs are becoming
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more and more popular, the review articles focus on CPEs for
SIBs are few.”! As the most competitive candidates for next-
generation electrolytes and rechargeable batteries, more efforts
should be done to the further development of CPEs for SIBs.
This review summarizes the principles of sodium ion conductors
and ion conduction mechanisms in composite polymer electro-
lytes for sodium-ion batteries via recent investigations and
developments of CPEs.

2. lon Conduction in Polymers

Solid polymer electrolytes (SPEs) for SIBs are basically composed
of polymer matrices and additive sodium salts. The ion
conduction in solid polymers relies on the sodium ions
migration between ion coordination sites. There are two
possible kinds of sodium ion transport in host polymers,
happening in amorphous and crystalline phases respectively.
The first mechanism is the most commonly accepted con-
duction mechanism of sodium ions in SPEs, which depends on
the motion of segmental chains of host polymers.*® Figure 1a
shows that the polymer segmental chains can move in
amorphous regions above the glass transition temperature (T)
to help complete the transport of sodium ions. Therefore, this
kind of mechanism is closely related to T,.***"*¥ The other kind
happens in the crystalline phases of polymers because majority
of the polymers are not totally amorphous. The crystalline
regions in semi-crystalline polymers do not have a segmental
motion. Under the first mechanism, the crystalline region is
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@ Solvating unit (e.g. O or N)

Figure 1. (a) lon conduction mechanism in amorphous regions of polymer.
Reproduced with permission.“® Copyright 2021, Elsevier. (b) lon conduction
mechanism in crystalline regions of polymer. Reproduced with permission.*”
Copyright 1982, American Chemical Society.

supposed to impede the transport of sodium ions and the
approach to increase the ionic conductivity is decreasing the
crystallinity of host polymers.*® However, it has been proved
that the sodium ions can still transport in the crystalline regions
of host polymers®>3 |n this situation, sodium ions are
supposed to reside in the helical tunnels (Figure 1b) formed by
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crystalline polymers and the migration of sodium ions is
completed by themselves along the tunnels.

Precondition for conductivity in polymer electrolytes is that
the sodium salts is present in dissociated sate. The polar groups
of the polymers with strong ability to act as electron donor like
ethylene oxide (—C—0-C), imide (—NH-) and thiol (-S-), can
help dissolve sodium salts in polymer matrices.”® In polymer-
salt complexes, cations have great interactions with solvating
units of polymer chains while anions usually have weaker
interactions with the polymer host. Therefore, three kinds of
interactions exist inside the host polymers, namely cation-
polymer interactions, anion-polymer interactions and cation-
anion interactions. All these three interactions are crucial to the
ionic conductivity.

The ionic conductivity, g, can be expressed as the reciprocal
of ionic resistivity, p, which is a function of thickness, /, cross-
sectional area, A, and the bulk resistance, R,, measured between
two blocking electrodes Equation (1):

0= =R M

It is worth noting that the solid polymers are generally dual-
ion conductors, which means not only sodium ions but also
anions can transport in polymers. Hence, the cation trans-
ference number is used to describe the proportion of the total
mobile cations and anions. The effective sodium-ion trans-
ference number t* is given by Equation (2):

+

u
tr=—

ut+us @)
where u* is the sodium-ion mobility and u~ is the anion
mobility.

The mobility also has a relationship with the ionic
conductivity Equation (3) :

0= Zniqilui (3)

where n; is concentration of the charge carrier, y; is the mobility
and g; is the number of charges. For sodium ions, the charge g;
is fixed equaling to +1. Hence the number and mobility of
sodium ions have a large impact on the ionic conductivity.
Owing to not only the interaction between anion and cation,
but also the migration of both under the electric field
generating by cathode and anode, the number and mobility of
cation and anion will be influenced by each other. Thus, the
sodium-ion transference number is usually less than 0.5 in SPEs,
which is small, leading to an inefficient sodium ion conduction.
In general, two models have been well adapted for the
relationship between temperature and ionic conductivity in
polymer electrolytes, namely Vogel-Tammann-Fulcher (VTF)
and Arrhenius. For the first ion conduction mechanism, it
usually exhibits the VFT relationship, as given by Equation (4):

0=0,T e @)
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where o, is the pre-exponential factor, T is the absolute
temperature, B is the pseudo-activation energy of the con-
ductivity and T, is the reference temperature (generally 50 K
below the experimental T). This kind of relationship relies on
the segmental movement of polymer chains and T plays a
crucial role.

The other mechanism usually exhibits the Arrhenius temper-
ature variation relationship, as given by Equation (5):

o= Ce et (5)

where C is the pre-exponential factor, k; is the Boltzmann
constant and E, is the activation energy. The activation energy
means the energy barrier for the sodium ions migrating from its
original site to the adjacent sites. The Arrhenius equation shows
the relationship between ionic conductivity and temperature
for crystalline materials while the VFT is for amorphous
materials.

Polyethylene oxide (PEO), poly(vinylidene fluoride) (PVDF),
polyalcohols (PVA), and polyvinylpyrrolidone (PVP), are the
most applied polymer matrices. These polymers can in general
be combined with many kinds of sodium salts such as sodium
perchlorate (NaClO,), sodium trifluoromethanesulfonimide
(NaTFSI), sodium bis(fluorosulfonyl)imide (NaFSl), sodium iodide
(Nal), and sodium trifluoromethanesulfonate (NaCF;SO;). Table 1
shows the ionic conductivities of several solid polymer electro-
lytes for SIBs at specific temperatures.

PEO possessing the ability to complex with alkali salts was
first reported in 1973 and later in 1988, West et al.® reported
the performance of PEO—NaClO, as solid electrolyte for solid
state batteries. With the increase of temperature, the ionic
conductivity of the PEO—NaClO, increases and the
PEO,,—NaClO, reaches the highest ionic conductivity of 6.5x
107*Scm™" at 80°C. The reason for the enhancement of the
ionic conductivity may be the increased amorphous regions in
the PEO. It is widely agreed that the transport of sodium ions in
PEO-based polymer electrolytes is related to the movement of
segmental chains. The increased temperature helps to enlarge
the amorphous region and the movement of segmental chains
is then increased. Conductivities of some PEO based electrolytes
with sodium salts NaClO; or NaClO, are shown in Figure 2. The
decrease in the apparent activation energy at high temper-
atures is associated with heating above the melting temper-

Table 1. lonic conductivities of several SPEs for SIBs at specific temper-
atures.

Chemical T°A lonic conductivity Ref.
composition [Scm™

PEO,,—NaClO, 80 6.5%x107* [15]
PEO,,—NaFS| 80 41%x10°* [54]
PEO,—NaTFSI 20 45x10°° [55]
PEO,—NaCF,S0, 25 25%1076 [56]
70:30 PVA/NaBr 30 1.362x10°° [57]
PVA:Nal (70:30) 30 1.02x107° [58]
PVP:NaClO4(70:30) 35 9.68x1077 [59]
PVP:NaClO;(70:30) 30 3.28x1077 [60]
PVP :NaNO;(94:06) 30 121x10°° [61]
60 PVdF:40 NaClO, 100 7.46x107* [62]
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Reproduced with permission.*® Copyright 2012, Elsevier. :‘Y\\f:““‘ .

ature of PEO. When adding the plasticizer PEG, the sodium ion
conductivity at ambient temperature can be increased more
than an order of magnitude.

Later, NaCF;SO; was also used to add to PEO to investigate
its impact on ionic conductivity. Ma et al.®® found that the
concentration of salt in polymer matrix influences the ionic
conductivity to a large extent, implying that neither low or high
concentrations lead to a decreased conductivity and the specific
concentration with highest conductivity is PEO,,—NaCF;SO,
system. The reason for the decrease of ionic conductivity under
low concentration is largely because of the small amounts of
charge carriers, whereas for the high concentration, it is the
consequence of decreased carrier mobility due to chain
entanglement. Three years later, PEO—NaTFSI, with greater
performance on ionic conductivity compared with the
PEO—NaCF,SO; system,” was reported. This type of anion also
has a great influence on ionic conductivity. This high plasticized
anion was also reported by Andrea and Patrik™ from their
experimental results from NaFSI(PEO), and NaTFSI(PEO), sys-
tems (n is the molar ratios of ether oxygen to sodium) that TFSI-
based electrolytes show obviously better ionic conductivity
than that of FSl-based electrolytes under room temperature
(Figure 3). For the polymer matrix, it is a dual-ion conductor.
Therefore, not only the cations but also the anions have a great
impact on ionic conductivity. The superior plasticizing property
of TFSI™ anion benefits from its large size and high charge
delocalization degree. The weak anion-cation interaction also
leads to its high dissociation in PEO. All of these contribute to
the high ionic conductivity for TFSI™ based electrolytes under
room temperature.

3. lon Conduction in Ceramics
Inorganic solid electrolytes usually exhibit high ionic conductiv-

ity, high ionic mobility, good mechanical properties, and good
thermal stability compared to solid polymer electrolytes.®®
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Figure 3. Arrhenius plots of ionic conductivities for NaTFSI(PEO), and
NaFSI(PEO),: a) cooling and b) heating scans. Reproduced with permission.
Copyright 2015, Elsevier.

[55]

Generally, an inorganic crystal has such a structure with defects
that serves for ionic transport within the framework. Defects
chemistry plays an important role in explaining how the sodium
ions transport in these sodium ion conductors. Crystal defects
are related to the free energy of the material system. The
standard free energy relation is given by Equation (6):

AG = AH-TAS (6)

where G is Gibbs free energy, H is the enthalpy, S is the entropy
and T is the absolute temperature. The formation of vacancies is
caused by entropy. In an ideal state, there should be no
vacancies in a perfect crystal at T=0, when the Gibbs free
energy of the system has only the contribution of enthalpy.
However, when the system is at a certain temperature T>0K,
the thermal vibration of atoms is enhanced, and the enthalpy of
the system is increased. When the atom has enough vibration
energy to make the amplitude reach a certain limit, it is possible
to overcome the constraints of the surrounding atoms, jump
away from the equilibrium position, and form a vacancy. This is
also to reduce the energy of the system, so a certain number of
vacancies will form (driven by the thermal vibrations of the
atoms) at temperatures above 0 K. Considering a perfect crystal
with N atoms that forms n, vacancy defects due to thermal
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excitation. The equilibrium of the defects should satisfy the
following relation:

AG = n,(AH—TAS,i,) —TAS ont (7)

where AG is the change in Gibbs energy, 4H is the enthalpy of
formation of each vacancy, ny is the number of vacancies, AS,;,
is the vibrational entropy and AS.. is the configurational
entropy.

There are three kinds of sodium ion transportation mecha-
nisms based on the principle of ionic diffusion (Figure 4).°® The
first kind is a stable sodium ion jumps into an adjacent vacancy
site and the second kind is a metastable sodium ion directly
jumps to the interstitial site which is not fully occupied.
Whereas the third kind is a little complex, a metastable sodium
ion replaces a neighboring sodium ion in stable site, and then
the replaced sodium ion jumps to an adjacent metastable site,
which is called interstitial-substitutional exchange. They can all
be explained by the Schottky and Frenkel defects. The relation-
ship between ionic conductivity and temperature in crystalline
materials obeys the Arrhenius equation (Equation (5)), it can be
derived that the ionic conductivity is related to three parame-
ters, namely the diffusion energy barrier, temperature, and pre-
exponential factor (including the amount of sodium ions and
available vacancy sites).

Polycrystalline ISEs are comprised of grains and grain
boundaries, both of which have strong effect on ionic
conductivity. In a general way, sodium ions have to migrate in
the grain bulk and transport across grain boundaries. Grain
boundary is one kind of planar defect arising from mismatching

Vacancy Direct Correlated
interstitial (interstitialcy)
O O (% O O O o O, '
o ®~>,AO‘, i@j»\ono o.
bl '._,_,
O O O O O O O O
'O O O O 'O O ”) <@

----~- Transition state
—— Direct
— Correlated

Occupied stable Occupied metastable
@ cation site 9] cation site

Vacant stable Vacant metastable
cation site cation site

Figure 4. Three kinds of cation migration mechanisms in crystals. Repro-
duced with permission.”” Copyright 2022, Elsevier.

Crystallographic,grain boundary

r

2
®
o
g
©
i
5]
@
o
®
Q
w

Figure 5. The space-charge layer model of electrical grain boundaries.
Reproduced with permission.”"” Copyright 2020, John Wiley and Sons.
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interfaces between adjacent grains. There are abundant point
defects with charge which repulse same charged carriers
around inside the grain boundaries, resulting in the formation
of space-charge layers on both sides shown in Figure 5.7"
Owing to the charge repulsion, there will be a difference in
charge carrier concentration between grain and grain boun-
dary. Small number of carriers leads to harder ionic conduction
across the grain boundaries than in the grain. Hence, the grain
boundaries have a negative impact on the ionic conductivity.

3.1. Beta-alumina

Beta-alumina seems to be the earliest inorganic solid electrolyte
discovered for SIBs. In 1967, it was discovered and quickly
gained much attention for its high ionic conductivity and
excellent thermal stability.”® The world’s first commercial solid-
state sodium battery was the high temperature Na—S one using
beta-alumina as electrolyte. Beta-alumina is an inorganic
layered compound with alternating stacked conduction planes
and spinel blocks, and has two different crystal structures,
namely [-Al,O; and P"”-Al,O; (Figure 6a). The 3 and " phase
differ in chemical composition and the order of oxygen atoms
stacking in spinel blocks. $-Al,O; has a hexagonal structure and
a stoichiometry of Na,O(8-11)Al,0;, while p”-A,0; has a
rhombohedral structure and a stoichiometry of Na,0(5-7)Al,0;.
From the composition, there are more sodium content of ["-
Al,O; than B-Al,0;, which means that 3”-Al,O; has more mobile
sodium ions in the conduction plane.®¥ Therefore, B"-Al,0,
exhibits a higher ionic conductivity of about 2x 107 Scm™. The
conduction of sodium ions in beta-alumina is completed by the
ion migration in the conduction plane. It is worth mentioning
that single crystal beta-alumina generally exhibits much higher
ionic conductivity than polycrystalline beta-alumina, which is
highly ascribed to the absence of grain boundaries.®" Although
"-Al,O; exhibits a high ionic conductivity, it is hard to prepare
due to the formation of impurities under high temperature. To
obtain purer p"-Al,0;, Lit7>7* Mgt 7678 N2+ % zp2+ 8081 and
Ti**®J have been doped as stabilizers. Figure 6b shows the
temperature dependence of the ionic conductivities of poly-
crystalline B-Al,O; and f"-Al,0; with different kinds of stabil-
izers, which are all Arrhenius temperature variation.

3.2. Phosphates NASICON

NASICON stands for sodium (Na) Super lonic CONductor.®¥
Unlike beta-alumina, NASICON is not a layer-structured material
but a 3D skeleton with three-dimensional channels for fast
sodium ion migration. It was firstly reported by Goodenough’s
group in 1976 and has a stoichiometry of Na,,Zr,SiP;,0;,
(0<x<3, NZSP).B NZSP can be considered as the P°* sites in
NaZr,P;0,, are partially substituted by Si**. When x equals to 2,
Na;Zr,Si,PO,, shows the highest ionic conductivity. The most
widely investigated NASICON structure is Na;Zr,Si,PO;,, which
possibly has two phases, namely rhombohedral and monoclinic
(Figure 7a).2” Both two phases are composed of SiO,/PO,
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Figure 6. (a) Crystal structures of B-Al,0, and "-Al,0;. Reproduced with permission.®” Copyright 2018, Elsevier. (b) Temperature dependence of the total ionic
conductivity of different polycrystalline f/B“-alumina materials stabilized with different elements. Reproduced with permission.®® Copyright 2020, John Wiley

and Sons.
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Figure 7. (a) Crystal structures of rhombohedral and monoclinic phase NASICON (Na,Zr,Si,PO;,). Reproduced with permission.*® Copyright 2018, Elsevier.
(b) Four different types of bottlenecks (A-D) in Na-conducting pathways in the monoclinic NASICON structure. Reproduced with permission.®® Copyright
2016, American Chemical Society. (c) Dependence of the triangle area on the effective ionic radius. The lines are a guide to the eye. Reproduced with

permission.”™ Copyright 2015, Elsevier.

tetrahedra and ZrO4 octahedra with corner-sharing oxygen
atoms. There are four sodium sites in both rhombohedral and
monoclinic phases, but they occupy different sites. For the
monoclinic, there are four sites, namely one Na,, two Na, and

ChemSusChem 2023, €202202152 (7 of 18)

one Na;, whereas there are only one Na; but three Na, in
rhombohedral. The migration of sodium ions is completed by
going through bottlenecks of which the size determines the
migration energy barrier of the sodium ions. There are four
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different kinds of bottlenecks in monoclinic phase, which are
two Na,—Na, and two Na,—Na; channels (Figure 7b).%® For the
rhombohedral phase, there are just two bottlenecks for sodium
ion transportation. The migration of sodium ions is completed
by the movement from Na, site to Na, site nearby via mid-Na
position. Because the size of bottlenecks has a great impact on
the ionic conductivity, the common method to improve ionic
conductivity is doping alkaline earth ions like Mg? " La*",[88%9
and S to enlarge the bottleneck size. There is an optimal
ionic radius for the doping cations (Figure 7c), which is near
0.72 A" Doping is used to increase ionic conductivity in bulk,
but sodium ions migrate across the grain boundaries, which
also affects the ionic conductivity. Increasing the grain size also
means decreasing the amounts of grain boundaries, which can
enhance the ionic conductivity.

3.3. Sulfides

Previous studies have already reported the possibility that
sulfide-based SSEs become alternatives for oxide-based SSEs.

(a) ng 0 qopwo;o
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Compared with oxide-based SSEs, the sulfide-base SSEs exhibit
a higher ionic conductivity in the room temperature due to the
larger atomic radius of sulfur than oxygen, resulting in a smaller
electronegativity and a decreased electrostatic force between
sodium ions and sulfur atoms. Therefore, the migration of
sodium ions is easier and faster in sulfide-based SSEs. The most
widely investigated sulfide-based SSE Na,;PS, reported in 1992
has two crystal structures shown in Figure 83, which are
tetragonal and cubic and both of whose ionic conductivities are
too low for practical application. The general existing phase of
Na,PS, is tetragonal but can transform to cubic phase at high
temperature. The lattice difference between these two phases is
very small only about 0.01 nm. There are two sodium sites in
the tetragonal phase both of which are fully occupied, whereas
there is only one kind of fully occupied sodium site in cubic
phases. Despite the single Na, site, the sodium ions are proved
to be mobile and can move from its original site to the adjacent
sodium sites. Until 2010s, glass-ceramic sulfide electrolyte
discovered by Hayashi et al.®® with a high ionic conductivity of
2x107*Scm™" promoted the development of sulfide-based
SSEs applied for SIBs. The most efficient method to enhance the

Na CTOSSOVer
Na chain \\*
Na immobile \’ ‘

© Sb/Sn *Sn @S @Na

Figure 8. (a) Crystal structures of cubic and tetragonal phase Na;PS,. Reproduced with permission.*” Copyright 2018, Elsevier. (b) Structure of Na;,SnP,S,, from
DFT calculations. (c) Illustration of the Na-chain, Na-crossover, and Na-immobile sites; gray tetrahedra represent SnS, and PS,; all spheres are Na sites.
Reproduced with permission.”® Copyright 2016, Springer Nature. (d) Calculated crystal structure of Na,P;S,;; (e) Calculated Na-ion probability densities in
Na,PS,;; () Na site energies in Na,P,S,;. Reproduced with permission.”” Copyright 2017, American Chemical Society. (g) Crystal structure of Nas;sSNn,755b0.54
from (001) view. (h) 3D bond valence difference map isosurfaces for Na;,sSn,5SbgsS,. Reproduced with permission.®® Copyright 2018, John Wiley and Sons.

ChemSusChem 2023, €202202152 (8 of 18)

© 2023 Wiley-VCH GmbH

85UB017 SUOLULLOD BAERID 3|eot|dde 8u} Aq peusAob 812 o1 YO ‘88N JO S3IN. J0} ARIqIT BUIIUO AB]IM UO (SUOTIPUOD-PUR-SULBIALOD" A8 1M"ATeiq 1 [BUUO//SURU) SUORIPUOD PUE SWIS L 38U} 89S *[£202/20/.2] U0 ARIqIT8ulUO AB|IM ‘SSOIARS [OILILD8 L SSLeI] I SNN @10debuIS JO AISAIN [UOIRN AG ZGTZ0220Z 98S0/200T 0T/10p/wiod: A8 1m Aeiqjeutjuo ado.ne-Aisiweyo/sdiy woiy pepeojumdil ‘0 ‘Xy95r98T



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemSusChem doi.org/10.1002/cssc.202202152

ionic conductivity of Na;PS, is to introduce defects like sodium
interstitial and vacancies.

In 2015, Na,,GeP,S,, was predicted via first-principles
simulations with a crystal structure same as Li;,GeP,S,,.***” The
crystal structure of Na,,GeP,S,;, is composed of sodium ions
together with GeS, and PS, tetrahedron. One year later, another
superionic conductor Na,;,SnP,S;, (Figure 8b) with the same
crystal structure as Na,,GeP,S;, was synthetized successfully
and obtained a relatively high room-temperature ionic con-
ductivity of 04 mScm™".®" There are four sodium sites in
Na,;(,SnP,S,, (Figure 8c), two of which belong to the Na-chain
sites (Na, and Na;) and the rest two are Na-crossover sites (Na,)
and Na-immobile sites (Na,).”® At low temperatures, the energy
of the sodium ions occupying the Na-chain and Na-crossover
sites are almost the same, resulting in a low energy barrier for
migration of sodium ions in three dimensions. And that's why
Na,;(SnP.S;, has a high ambient ionic conductivity.

Na,P,S,; is another kind of sulfide-based solid electrolytes,
which was also derived from a lithium superionic conductor
Li,P5S;;. It was also developed via first-principles computational
technique.”” The as-calculated crystal structure of Na,P;S,, is
shown in Figure 8d, composed of sodium ions and PS,
tetrahedron. Through the analysis on the distribution of sodium
ions, the ion conduction in Na,P;S,; is completed by a three-
dimensional diffusion network, which means all seven sodium
sites are connected to each other. From the result of probability
density analysis (Figure 8e), sodium ions are distributed evenly,
resulting in a relatively flat energy landscape along the
channels. The as-calculated energy of sodium sites (Na,-Na,)
shown in Figure 8f also indicate the easy migration for sodium
ions among these sites.

As many sulfide-based electrolyte contain phosphorus,
which leads to poor chemical stability, a new kind of sulfide
Na, ,Sn, ,Sb,S, (0.02<x<0.33) was developed.”™® When x=
0.25, this kind of structure has the least impurity phase of
3.4 wt% Na,SbS,. The crystal structure of Na;;5Sn,7550b,55S, from
(001) view is presented in Figure 8g. There are one tin site, one
antimony/tin mixed site, three sulfur sites, and five sodium sites
in the unit cell. All sodium sites are not fully occupied with an
average vacancy of 6.3%, providing vacancies for sodium ions
to migrate. Although the crystal structure of Na;;5Sn,;55bg 55, is
complex, the interatomic distances between adjacent sodium
sites are limited in a range of 3.42-3.53 A. 3D bond-valence
sum mappings (BVSM) were wused to prove that
Na;,5SNng 75504555, has 3D-dimentional fast ion conduction path-
ways. The 3D bond valence difference map isosurfaces of
Nas;5Sny755b0,sS, are shown in Figure 8h, from which the
possible sodium-ion diffusion pathways are clearly presented.
The fast ion conduction in 3D pathways inside Nas;5Sng755b025S4
account for its high ionic conductivity of 0.2-0.5 mScm™' at
30°C.
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4. lon Conduction in Composite Polymer
Electrolytes

Although the mainstream research direction has been LIBs since
the successful commercialization by SONY in 1991, the develop-
ment of SIBs has been promoted to some extent, especially the
past 20 years, and both SPEs and ISEs have become potential
solid electrolytes for all-solid-state SIBs. However, both SPEs and
ISEs cannot satisfy the requirements for practical applications
for SIBs due to their subsistent disadvantages. ISEs exhibit
superior ionic conductivity, thermal and chemical stability but
they are very rigid and brittle, which will lead to poor interfacial
contact between ISEs and electrodes. SPEs offer a better
interfacial contact owing to its great mechanical flexibility.
Nonetheless, their unsatisfactory room-temperature ionic con-
ductivity, thermal stability, and mechanical strength impede
their practical application. From the fabrication perspective,
SPEs own very easy fabrication processes like solution casting,
in situ polymerization and UV curing, which are all very
economical. While the sintering of ISEs often requires very high
temperature with large amounts of energy consuming. More-
over, compared with ISEs, the main advantage of SPEs is joining
of the cell components and battery assembly. Many strategies
have been applied to improve the performance of ISEs and
SPEs, but still cannot reach the target for practical application.
To some extent, ISEs and SPEs are complementary each other.

Design of electrolytes via combination of polymer and
ceramics to form a new class of composite polymer electrolytes
(CPEs) follows two different approaches. The first kind is
polymer-ceramic composites with sodium-ion conductive poly-
mer and non-conductive ceramic components. The advantages
of the addition of passive ceramic particles into the polymer
are: (i) modifying the properties of the polymer matrix via
interactions between the polymer and the ceramic particles to
decrease the crystallinity of polymer matrix for enhancement of
sodium-ion conductivity; and (ii) improving the mechanical
properties of the polymer matrix. The second kind is also
polymer-ceramic composites, consisting of both sodium-ion
conductive polymers and sodium-ion conductive ceramics. The
addition of active ceramics resulting in three advantages:
(i) enhancing the overall ionic conductivity by introducing an
active ceramic component with higher ionic conductivity than
the polymer; (ii) improving the ionic conductivity by decreasing
the crystallinity of the polymer in regions adjacent to the
ceramic particles; and (iii) strengthening the mechanical proper-
ties of the whole electrolyte.

The chemical interactions between the polymer matrix and
the ceramic particles are governed to a large part by the surface
termination of the ceramic particles. Lewis acid and Lewis base
characteristics of the surface termination lead to different
adsorption (bonding) states on the polymer/ceramic interfaces.
Based on the Lewis acid-bases theory, there are many kinds of
Lewis acid and base centers existing in composite polymer
electrolyte systems. And the final structure and performance of
CPEs are determined by the equilibrium between various Lewis
acid-base reactions.” It is worth mentioning that Lewis acid-
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base interactions help the dissociation of sodium salts in the
interface region formed between the polymer and the
ceramic." Simulations also have proved that there is an
interfacial area formed between the bulk polymer phases and
the single ceramic particles, in which the disorder of the
polymer chains increases, resulting in an enhanced dissociation
of salts and an improvement of ionic conductivity.""

Considering the polymer-passive ceramic CPEs, the impact
of the local regions of enhanced conductivity on the overall
sodium-ion conductivity depends on at least three parameters,
which are the (radial) extension of the zone with enhanced
conductivity in the surface formed by polymer and ceramic, the
size of the particles and the volume fraction of the ceramic
particles (Figure 9). In materials with small extension of the
region with enhanced ionic conductivity and low volume
fractions of the ceramic particles, the regions of the enhanced
ionic conductivity remain well separated, so the impact on the
overall ionic conductivity will be limited. This holds for small as
well as large particle size (Figure 9a, b). Along with wider zones
of the enhanced ionic conductivity (Figure 9¢) or larger volume
fractions of the ceramic particles (Figure 9d), the regions of the
enhanced conductivities stemming from the interactions with
the individual particles overlap and provide percolating high
conduction pathways. However, in these scenarios, part of the
electrolyte volume is blocked by the non-conductive ceramics.
The most favorable configuration providing high overall ionic
conductivity is characterized by small particles, small volume
fractions of non-conductive ceramics but extended regions of
disordered and high conductive polymer (Figure 9e).

Overall, the strategy for the design of the CPEs with non-
conductive ceramics can be outlined as maximizing the volume

()

Y ceramic

["] polymer

Figure 9. Regions of enhanced Na-ion conductivities along with different
microstructure scenarios.
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fraction of disordered polymer while ensuring percolation paths
of this component using a minimum volume fraction of the
non-conductive ceramic component.

The challenge for the design of CPEs with conductive
ceramics is more complex and depends, in addition to volume
fractions, particle size and zones of the polymer influenced by
the ceramics, on the ionic conductivity of the ceramics and the
interface resistance between the polymer and the ceramic,
which are the two most important features (Figure 103, ¢, €). In
addition to the sodium-ion conductivities of the polymer and
the ceramic components, the enhanced local conductivities of
the polymer close to the ceramics, the resistance at the
interface between the polymer and the ceramic and, eventually,
the resistance between the individual ceramic particles have to
be considered.

In case of non-percolating ceramic structures in the CPEs,
the most important is the interface resistance along with the
transition of the sodium ions between the ceramics to the
polymers and vice versa. In case this interface resistance is low,
in spite of low volume fractions, large part of the conduction
will take place in the ceramic. In contrast, along with high
interface resistance, the main conduction will take place in the
polymer phase close to the ceramic components, because the
sodium ions do not enter the ceramic components. In this case,
the maximation of the zones with disordered high-conductive
polymer will be the objective. In case the ceramic structures are
percolating, the interface resistance on contact between
individual ceramic particles has to be determined.

Figure 10 describes three different scenarios of CPEs with
different volume fractions of active ceramic components. The
first scenario (Figure 10a) is that the amount of ceramics is too
small to form a continuous pathway for sodium ions to migrate.
And the polymer-ceramic interfaces also cannot connect to
each other to form a continuous pathway for sodium ions. The

@ T W | ®

Figure 10. Three scenarios of CPEs with different ceramic volume fractions
(a, ¢, ) and equivalent circuits for each scenario (b, d, f).

© 2023 Wiley-VCH GmbH

B5URD 1 SUOWILIOD SANERID) 8|qed1 dde 3Ly AQ pauseA0b a1 BRI VO ‘88N JO SN 10} ARG 1T BUIIUO /B] 1A UO (SUODIPUOD-PUR-SWLRYWOD™ A8 1M ARRIq 1BUIIUO//SURY) SUORIPUOD PUe SWIS L 34} 89S *[£202/20/.2] U0 ARIqIT 8uliuO AB]IM ‘SSOINBS BOIIYDS L S31eIqI SNN @lodefuls JO Aisienun uomeN Ad Z5T202202 98S9/200T OT/10p/wiod a| mArelq 1 putuo edoune-Anis iueyoy/sdiy woay pepeojumdl ‘0 ‘XyasrosT



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemSusChem doi.org/10.1002/cssc.202202152

ceramic particles just plasticize the local region of polymer
matrix and sodium ions can only migrate in the polymer matrix,
which will lead to a low-sufficient sodium ion transport.
Therefore, the three components, the polymer, the ceramic and
the interface, are all playing their role separately; the equivalent
circuit can be expressed as shown in Figure 10b. The second
situation (Figure 10c¢) is that the volume fraction is providential
to help form the continuous interface pathways but the ceramic
particles still cannot connect to each other to from a continuous
pathway for cation migration. As a new fast-ion conduction
pathway is formed, the ionic conductivity of the electrolyte will
be enhanced a lot. So, the equivalent circuit can be considered
as shown in Figure 10d. The volume fraction of ceramics in the
last scenario (Figure 10e) is big enough for the formation of
continuous pathways between ceramic particles. There are
totally three kinds of continuous pathways for sodium ions to
migrate. So under this situation, the migration of sodium ions
becomes easier. The equivalent circuit under this situation can
be considered as shown in Figure 10f.

Therefore, ion conduction in CPEs with active ceramics is
more complex than that with passive ceramics for the increase
of ion conduction pathways.

4.1. CPEs with passive ceramics

The inert fillers mean that the additive inorganic crystals are
unable to conduct sodium ions by themselves. Study from the
size effect of ZrO, nanoparticles on ionic conductivity added in
PEO—NaClO, matrix demonstrated that the room-temperature
ionic conductivity is inversely proportional to the particle
size' The addition of ZrO, nanoparticles decreases the
crystallinity of PEO polymer, and the increased amorphous
region due to the addition of ceramic powders can hence
improve the transport of ions due to the easier segmental
movement. The effect of SiO, addition on ionic conductivity for
PEO—NaHCO; matrices was discussed by Chandra et al."® They
found that the increase of room-temperature ionic conductivity
is owing to the increased number and mobility of free sodium
ions shown in Figure 11a. Therefore, it was proposed that the
Lewis acid-base reaction enhances the ionic conductivity. Later
in 2021, the effect of TiO, addition into the PEO—Nal matrices
was also investigated™® and it was noted that three factors
account for the enhancement of ionic conductivity due to the
added TiO,, which are increased amorphous degree, Lewis acid-
base reaction and newly built sodium ion conduction pathways.
The Lewis acid-base reaction is due to the interaction between
the polar surface groups of ceramic filler and polymer matrix,
which create new pathways and migration sites for sodium ion
conduction."®'% Generally, the addition of ceramic powders
favors the decrease of crystalline phase and increase the
amorphous phase which is good for the enhancement of ionic
conductivity.

Another worth-mentioned point is that the addition of
ceramics provides more ion conduction pathways to the
increase of ionic conductivity. However, an otherwise was
reported that the ceramic addition does not change the ionic
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Figure 11. (a) Arrhenius plots for hot-pressed NCPEs:

(100—x)[70PEO: 30NaHCO,] + xSiO,, where x=0, 2, 5, 10, 14 wt %. Repro-
duced with permission."®® Copyright 2016, Elsevier. (b) Conductivity Arrhe-
nius plots of the EO:NaTFSI=20:1 membranes with 0, 5% or 10% of silica
on heating and cooling scans. Reproduced with permission.”” Copyright
2014, Elsevier.

conductivity obviously."” The experiment conducted was

carried out by adding SiO, into the PEO—NaTFSI matrices
followed by electrochemical impedance test. The results shown
in Figure 11b indicate that the addition of SiO, has no obvious
effect on the enhancement of ionic conductivity. On the
contrary, too much ceramic powder added led to a reduced
ionic conductivity due highly to the ceramic agglomeration.
This wield phenomenon is arising from the high plasticizing
ability of the TFSI™ anion. The high plasticizing effect will cover
the SiO, effect acting on ionic conductivity. This also reflects the
complexity of ion conduction in CPEs, because there are
multiple ion conduction pathways, and these factors will affect
each other. Despite the complexity of ion conduction mecha-
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nism, the addition of ceramic fillers improves the mechanical
strength of solid polymer electrolytes.

4.2. CPEs with active ceramics

Yao et al."® fabricated SPEs by adding beta-alumina filler into
the PEO—NaClO, matrices and discovered the effect of addition
of beta-alumina on the ionic conductivity. There is no doubt
that the ionic conductivity of SPE is enhanced with the addition
of beta-alumina added (Figure 12a) mainly because of the
decreased crystallinity of PEO matrix. From the temperature
dependence of ion conductivity plot shown in Figure 12b, the
conclusion can be drawn that the improvement of ionic
conductivity is weaker at high temperatures than that at room

temperature because at high temperatures, PEO transfers from
semi-crystalline to amorphous state, where the movement of
segmental chains is more quickly, thus leading to a more and
faster sodium ion migration. Therefore, at high temperatures,
the amorphous region of PEO acts as the main medium for ion
conduction. However, at room temperature, the SPE with filler
added shows an obviously higher ionic conductivity than that
without filler addition arising from the reduced crystallinity of
PEO. Similar to the results shown above, the addition of beta-
alumina ceramic fillers is also limited to about 10% to obtain a
highest ionic conductivity (Figure 12c). Despite the importance
in the enhancement of ionic conductivity of SPEs due to the
amorphous region, the newly formed fast-ion conduction
pathways in the interface between active filler and polymer also
serve an indispensable role. It was proposed that the interface
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between active filler and polymer matrix is a fast ion transport
channel formed in the composite polymer electrolytes.

In addition to nonactive fillers used, the effects of active
fillers such as NASICON in the PEO—NaTFSI matrix firstly were
investigated."® From the experimental results, the addition of
NASICON powders enhanced the thermal and electrochemical
stability of CPEs and exhibited a high ionic conductivity of
28mScm™' at 80°C. Compared with the above mentioned
nonactive ceramic filler content, the content of NZSP in this
study reached a relatively high amount of about 50% (Fig-
ure 12¢, f). It is commonly accepted that the content of inert
fillers has an optimal proportion, which is usually less than 15 %.
This is because that large amounts of inert fillers will
agglomerate and they do not conduct sodium ions by
themselves, too many inert fillers will impede the migration of
sodium ions. Different with inert fillers, active fillers can account
for a larger part of CPEs than inert fillers for their own abilities
to conduct sodium ions. Figure 12d shows the Nyquist spectra
of PEO,,—NaTFSI and PEO,,—NaTFSI-50%NZSP and the obvious
difference is that the filler-free CPE only gives rise to one
semicircle, whereas there are two semicircles for NZSP-CPE. The
high-frequency semicircle indicates the ion migration between
ceramic grains or the polymer-ceramic interface because both
two transportations are finished by fast ion-conduction path-
ways while the low-frequency semicircle is supposed to belong
to the ion motion in the polymer matrix exhibiting slower ion
conduction speed. Therefore, four assumptions for the en-
hanced ionic conductivity were conducted. They are that (i) the
active filler, namely NZSP, decreases the crystalline of PEO
matrix and hence increases the movement of segmental
polymer chains, (ii) the introduction of the NZSP forms new
sodium ion migration channels which is the interface between
PEO and NZSP caused by the percolation effect, (iii) since there
is sodium ion concentration gradient between polymer matrix
and ceramic filler, the sodium ions in high-concentration NZSP
can diffuse to low-concentration polymer matrix resulting in
more sodium vacancies on the surface of NZSP, and more
sodium vacancies provide more sites for sodium ion migration
and lead to a higher ionic conductivity, and (iv) the active
ceramic itself is a fast-ion conductor, so that the total ionic
conductivity is enhanced due to the addition of NZSP fillers.
Therefore, the combination of ISEs and SPEs as CPEs has a great
meaning to become next-generation novel solid polymer
electrolytes.

Yu etal™ also fabricated one  kind  of
PEO—NaClO,—Na;Zr,Si,PO,, CPE. From the Nyquist plot (Fig-
ure 12g), at 30°C, there is an obvious semicircle at high
frequency. When temperature is over 60°C, the semicircle
disappears. This is because when the temperature increases, the
charges stored in the grain boundaries become less and the
polymers transform from semi-crystal to amorphous phase,
resulting in a smaller interfacial impedance and charge transfer
impedance. Firstly, with the increase of temperature especially
when it is higher than the melting point of polymer matrix,
polymer become amorphous and the ionic conductivity should
increase. Another possibility is that with the temperature
increases, the interface between polymer and ceramic becomes
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better and the resistance is eliminated. NZSP and PEO are two
totally different phases so that it is normal that there is an
interface between them. It is also noted that the ionic
conductivity has a great jump from 30°C to 60°C mainly
because of the melt of the polymer matrix (Figure 12h), leading
to whole PEO becoming amorphous. Another important point
is that when the temperature increases, the role of NZSP
becomes inconspicuous. The ionic conductivities of NZSP
content between 20% to 30% are very close to each other at
high temperatures (Figure 12i), which means the main factor
enhancing ionic conductivity is the amorphous phase of PEO.
This also proves that the ion conduction happens mainly in the
amorphous phase. However, at about room temperature, the
crystallinity of polymer matrix is relatively high where the NZSP
can play an important role in decreasing the crystallinity. This
does not mean that the more NZSP content, the higher the
ionic conductivity. When the ceramic content is over 25%, the
ionic conductivity measured at 30°C decreases due to the
agglomeration of ceramics. Despite of the complexity of the ion
conduction of the CPE due to many factors, there are several
common recognitions for enhancement of ionic conductivity,
such as decreasing the crystallinity of polymer matrix and
creation of ion pathways between the ceramics and polymer
matrix.

The sulfide-based ceramics were also added into the
polymer-salt matrix to investigate their performance in the
enhancement of ionic conductivity.""" Lu et al. fabricated one
kind of CPE composed of PEO polymer matrix, NaTFSI and
Na;SbS, ceramics. The optimal Na;SbS, weight ratio is 25 wt%
of PEO, affording a room-temperature ionic conductivity of
2.47%x107°Scm™' (Figure 13a). From Figure 13b, it is clear that,
with the addition of Na;SbS,, the ionic conductivity of the as-
fabricated electrolyte enhanced an order of magnitude. The
reasons why the ionic conductivity is improved are not only the
addition of Na,;SbS, decreases the crystallinity of PEO matrix
and Na;SbS, itself owns a superior ionic conductivity, but also
the interactions between components in the as-fabricated
electrolyte. In virtue of characterization techniques, the possible
interactions inside the electrolyte can be revealed. There are
four kinds of interactions exist (Figure 13c). First of all, there are
interactions between Na,SbS, and TFSI-, which improve the
sodium ion transference number and promote the dissociation
of sodium salts. Then, the interactions between Na,;SbS, and
PEO will form an interface which is considered as a fast sodium
ion conduction pathway. The third interaction exist between
PEO and sodium ions, this is because the PEO matrix has the
ability to dissolve sodium ions. And the last interaction is
between anion and cation due to the electrostatic interaction.

One means to form a fast ion-conduction pathway is
through fabrication of a 3D porous NZSP framework with
continuous PEO—NaTFSI filler (Figure 14c).""® This 3D CPE
exhibits an excellent ionic conductivity of 1.4x107*Scm™" at
room temperature. The reason for the high ionic conductivity is
due highly to a porous but continuous 3D NZSP framework,
resulting in continuous fast ion conduction pathways. Unlike
other ceramic powders used in most CPEs, Wang proposed a
successful synthesis of porous but continuous 3D NZSP ceramic
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Figure 13. (a) lonic conductivity of the electrolyte with different contents of
Na;SbS, (calculated based on the mass of PEO). (b) lonic conductivity of
pristine PEO—NaTFSI electrolyte and PEO—NaTFSI-Na;SbS, electrolyte at
different temperatures. (c) Schematic diagram of the structure of the
PEO—NaTFSI-Na;SbS, electrolyte, where the four types of interactions
between different components are highlighted. Reproduced with
permission.""" Copyright 2022, Royal Society of Chemistry.

framework, then PEO—NaTFSI was infiltrated into the frame-
work. As the NZSP framework is rigid while the PEO—NaTFSI
filler is flexible, the pores of the NZSP can be filled with
PEO—NaTFSI. Owing to the special structure of the NZSP, there
are many continuous interfaces between PEO and NZSP, which
accounts for the high ionic conductivity, which is higher than
the pre-reported PEO-based electrolytes shown in Figure 14d.
The Atomic Force Microscope (AFM) was applied for the
investigation of sodium ion migration at the well-built NZSP-
PEO/NaTFSI interface. The results showed that the fastest ion
conduction appeared at the interface rather than individual
NZSP or PEO, and this is the first time to realize the direct
presentation of fast ion diffusion at NZSP-PEO/NaTFSI interface
(Figure 14a and b), which is also a perfect explanation of such a
high ionic conductivity under room temperature.

Generally speaking, although the ion conduction mecha-
nism in CPE is complex, several conclusions can still be drawn
from the experimental results. The sodium ion conduction is
highly considered to happen in the amorphous region of
polymer matrices and therefore decrease of the crystallinity of
polymer is a method to increase the ionic conductivity.
Furthermore, creation of large amounts of continuous interfaces
between the organic and inorganic materials is important since
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5. lon Conduction in Composite Gel Polymer
Electrolytes

Gel polymer electrolytes (GPEs) for SIBs are usually made of
polymer-sodium salt system with little liquid plasticizer or
solvent or both.""® Compared with liquid electrolytes, they can
be considered as quasi solid for the much less mobility
(Figure 15). The addition of liquid components promotes ionic
conductivity than that of pure solid electrolytes. However, Since
GPEs also uses polymers, such as PEO, PVDF, PVDF-HFP and
PAN as polymer matrices,"'® with the addition of liquid phase,
the mechanical strength of the GPEs is usually poor. Therefore,
GPEs also need the introduction of inorganic ceramic powders
to enhance its mechanical properties for practical application.
The composite GPEs is a combination of both LEs and CPEs,
hence exhibiting both advantageous of high ionic conductivity
from the liquid phase and good mechanical strength due to
solid additives.

Hashmi et al."™ explored the effect of active and passive
fillers acting on ionic liquid-based CGPEs. NaAlO, and Al,O,
were used as active and passive filler respectively. The results
showed that the addition of both ceramic fillers has a slight
improvement on ionic conductivity, but the active filler-based
CGPEs show a higher ionic conductivity than passive filler-based
CGPEs. This is due to that the active fillers themselves can
conduct sodium ions, which provides more ion conduction sites
resulting in a higher ionic conductivity. Zhao et al'® inves-
tigated the performance of PVDF-HFP/Sn0O,/1-(4-
cyanophenyl)guanidine membrane absorbing liquid electrolyte
as CGPEs, and it has a relatively high ionic conductivity of 2.32x
107* Scm™". From their results, there are three reasons account-
ing for the high ionic conductivity. The first reason is the 3D
porous structure of the PVDF-HFP provides continuous path-
ways for sodium ions. The second reason is that the addition of
passive ceramic filler SnO, helps decrease the crystallinity of
PVDF-HFP, which is benefit for the sodium ion migration. The
last one is that introduction of 1-(4-cyanophenyl)guanidine
forms a new pathway for sodium ion transportation because of
strong interaction between sodium ions and imino nitrogen
atoms.

The active filler Na,Zn,TeO, modified CGPE was reported in
2021.""® The addition of Na,Zn,TeOj fillers leads to a decreased
resistance, which is likely due to enhanced ionic conductivity
(Figure 16a). The main reason for the improvement of the ionic
conductivity of the CGPE is due mainly to the increase of liquid
electrolyte uptake, decrease of crystallinity degree and improve-
ment of porosity. The highest ionic conductivity at room
temperature is obtained when the addition of Na,Zn,TeOs filler
reaches 4 wt% (Figure 16b). Compared with non-filler-added
electrolytes, the addition of Na,Zn,TeOq fillers improves the
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ionic conductivity under both low and high temperatures
(Figure 16c). As a sodium conductor, the addition of Na,Zn,TeOg
also provides a fast ion transport pathway at the interface of
polymer and ceramic and thus leads to an enhanced ionic
conductivity.

Mei et al."" also investigated the active filler Na,Sc,P;0;, of
different crystal phases adding into CGPEs. The conclusions
were basically the same. The addition of Na,;Sc,P;0,, really
increases the ionic conductivity. Despite the different crystal
phases have slightly different ability on improving ionic
conductivity, which is the y phase performs better than the 3
and a phases, the conductive Na;Sc,P;0,, plays an important
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role in the enhancement of CGPEs. Sodium ions can quickly
transport at the interface between polymer and ceramic for the
newly formed fast ion pathways. The decrease of crystallinity,
improvement of liquid electrolyte absorption as well as the
increased pores in the polymer matrix are all accounting for the
enhancement of ionic conductivity.

Although the high ionic conductivities of the CGPEs are
caused by the liquid components, the ceramic powders also
help to decrease the crystallinity of polymer matrices and
provide new sodium ion transport pathways. Compared with
CPEs, the ceramic powders in CGPEs also exhibit the out-
standing ability of increasing the liquid electrolyte uptake."*”
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The higher the ability of absorbing liquid electrolytes, the
higher the ionic conductivities of CGPEs would be. Therefore,
the ceramic powders in the CGPEs play a crucial role in both
the enhancement of ionic conductivities and mechanical
properties.

6. Perspectives

In the near future, sodium-ion batteries are promising candi-
dates to replace lithium-ion batteries in the field of large-scale
energy storage systems, because the cost of lithium-ion
batteries is continuously rising due to the limited lithium
resources. However, the energy density of sodium-ion batteries
still cannot be comparable with that of lithium-ion batteries for
portable devices, since they cannot satisfy both high energy
capacity and light weight at the same time. Aside from the
energy density, safety is another concern, particularly for
vehicles. Therefore, solid-state electrolytes have been inves-
tigated with a view to replacing the liquid organic electrolytes
to achieve high safety and high energy density. As the low
room-temperature ionic conductivity of solid polymer electro-
lytes and the brittleness of inorganic solid electrolytes limit their
practical application, CPEs have shown their promise, since they
combine the advantages of high room-temperature ionic
conductivity from the inorganic ion conductors with the high
flexibility of polymers. Having said that, the ionic conductivities
of the reported CPEs are still unable to satisfy the standards for
practical application and, in addition, the issues associated with
interfacial contacts are extremely important and should also be
addressed as one of the key parameters. To address this, gel
composite polymer electrolytes, which contain some liquid
phases, are proposed and also demonstrate high ionic con-
ductivity and particularly maintain a good electrode/electrolyte
interface by liquid penetration. They can be considered as quasi
solid-state, but still cannot completely eliminate the potential
hazards. Therefore, design of CPEs with high ionic conductivity
and at the same time with good wetting between the electrode
and the electrolyte is the key to success of solid-state sodium
ion batteries.
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Best of both worlds: Solid-state
inorganic and polymer electrolytes
for sodium-ion batteries are safer
than commercial liquid organic elec-
trolytes but suffer from rigidity and
low room-temperature ionic conduc-
tivities, respectively. This Review
focuses on composite polymer elec-
trolytes made up of inorganic solid
electrolytes and solid polymer elec-
trolytes, which can realize both high
ionic conductivity and flexibility.
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