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Abstract: Safe, self-standing, all-solid-state batteries with improved solid electrolytes that have
adequate mechanical strength, ionic conductivity, and electrochemical stability are strongly de-
sired. Hybrid electrolytes comprising flexible polymers and highly conductive inorganic elec-
trolytes must be compatible with soft thin films with high ionic conductivity. Herein, we propose
a new type of solid electrolyte hybrid comprising a glass–ceramic inorganic electrolyte powder
(Li1+x+yAlxTi2−xSiyP3−yO12; LICGC) in a poly(ethylene)oxide (PEO)-based polymer electrolyte that
prevents decreases in ionic conductivity caused by grain boundary resistance. We investigated the
cross-linking processes taking place in hybrid electrolytes. We also prepared chemically cross-linked
PEO/LICGC and physically cross-linked poly(norbornene)/LICGC electrolytes, and evaluated them
using thermal and electrochemical analyses, respectively. All of the obtained electrolyte systems
were provided with homogenous, white, flexible, and self-standing thin films. The main ionic con-
ductive phase changed from the polymer to the inorganic electrolyte at low temperatures (close to
the glass transition temperature) as the LICGC concentration increased, and the Li+ ion transport
number also improved. Cyclic voltammetry using [Li metal|Ni] cells revealed that Li was reversibly
deposited/dissolved in the prepared hybrid electrolytes, which are expected to be used as new
Li+-conductive solid electrolyte systems.

Keywords: polymer electrolyte; all-solid-state battery; ionic conductivity; interfacial resistance; grain
boundary; activation energy

1. Introduction

Energy storage technologies that save energy, have a low environmental impact, and
use diverse supply sources are in demand. Li-ion batteries (LIBs) have become important
parts of our daily lives, and are widely used in applications such as smartphones and electric
vehicles. Moreover, it is expected that they will be used more widely in large-scale electric
power storage with photovoltaic and wind power technologies [1,2]. Flammable organic
solvents are mainly used as the electrolytes for LIBs, but there are concerns about liquid
leakage and fire hazards [3]. Therefore, in recent years, all-solid-state Li batteries (ASSBs)
using a nonflammable electrolyte layer (inorganic and organic polymer systems) have been
energetically investigated instead of conventional liquid electrolytes [4–8]. A major topic of
research for the synthesis and evaluation of solid electrolytes (SEs) is inorganic electrolyte
systems comprising oxide- or sulfide-based SEs. Sulfide-based SEs have quite high ionic
conductivities, but have relatively low chemical stability in air and are expensive to pro-
duce [9,10]. In contrast, oxide-based SEs are relatively safe owing to their high chemical
stability, and perovskite-type La2/3−xLi3xTiO3 (LLTO) [11] and garnet-type Li7La3Zr2O12
(LLZO) [12] have relatively high ionic conductivities (the order of 10−4 S cm−1) at room
temperature. However, oxide-based SEs have a large resistance component caused by their
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grain boundaries (RGB). Moreover, they exhibit poor adhesion properties with regard to
other components (e.g., electrode layers) and consequently form inadequate interfaces. In
general, the RGB is the dominant resistance component of polycrystalline oxide-based SEs,
and the effective ionic conductivity of an SE decreases to 1–2 digits lower than that of its
bulk phase [13]. Glass ceramic (GC) SEs, prepared via crystal deposition onto a glass base
material, have been proposed as possible materials for the control of the RGB [14,15]. In
such an arrangement, a glass phase exists between grains, and relatively high ionic conduc-
tivity is possible. A comparison between “glass” and a “crushed glass pellet” confirmed
almost the same apparent activation energy, and suggested a negligible RGB [16–18]. In
contrast, organic polymer SEs containing polyether-based polymer chains are also reported
as soft and self-standing electrolytes, and enable the formation of adhesive thin films with
adequate electrode interfaces [19–21]. Some of the best-known SEs, i.e., poly(ethylene)oxide
(PEO)-based SEs, have relatively low ionic conductivities of the order of 10−4 S cm−1 at
333 K. Therefore, improvements to the ionic conductivity of such electrodes are needed
if they are to be used in ASSBs [22]. In an attempt to improve the ionic conductivity of
polymer-based SEs, branched side chains have been introduced into the main chain because
there are differences in the relaxation times between the main chain (α relaxation) and the
side chains (β relaxation), which relax more quickly [23]. Recently, hybrid SEs containing
both inorganic and polymer phases have been reported. The aim of this design is to achieve
the high flexibility and ionic conductivity that are required for ASSBs [24–27]. Although
PEO/LLZO hybrid systems with relatively high ionic conductivities (10−5 to 10−4 S cm−1

at room temperature) have been reported [28,29], significant improvements in ionic con-
ductivities have not been confirmed in the case of SE compositions with high (e.g., more
than 50 wt.%) levels of inorganic materials [30,31]. A rise in the RGB due to the continuous
inorganic (powder) phase and the interfacial resistance between the polymer/inorganic
SEs have been suggested as possible causes of the increase in resistance.

In the present study, we produced hybrid SEs comprising a suitable soft and rubbery
polymer and an oxide-based inorganic powder to achieve high Li+ conductivity. Chemically
cross-linked branched PEO-based SEs and physically cross-linked poly(norbornene-co-
ether) SEs [32] were used as the polymer phase, and Li1+x+yAlxTi2−xSiyP3−yO12 (LICGC) Na
super ionic conductor (NASICON)-type GC SEs were used as the inorganic phase to prepare
hybrid SEs. The thermal, ionic conductivity, and electrochemical (interfacial stability with
Li metal and Li+ transport number) properties of the prepared hybrid SEs were evaluated,
and the effects of the polymer structures on the hybrid SEs were investigated.

2. Experimental Procedure
2.1. Preparation of P(EO/PO)/LICGC and P(EO/PO)-PEO3/LICGC Composite Electrolytes

All sample preparations were conducted in a dry argon-filled glove box ([O2] < 10 ppm,
dew point < 193 K, Miwa Mfg Co., Ltd., Osaka, Japan). P(EO/PO) (EO = ethylene oxide;
PO = propylene oxide; ratio of EO:PO = ca. 8:2; Mw: ca. 8000; Dai-ich Kogyo Seiyaku Co.,
Kyoto, Japan) and P(EO/PO)-PEO3 (PEO3; Mw: ca. 350; Dai-ich Kogyo Seiyaku Co.) were
used as a matrix polymer, and LiN(SO2CF3)2 (LiTFSA, Solvay Japan Co., Ltd., Tokyo, Japan)
was also added as a dissolved salt. The P(EO/PO)/Li2O-Al2O3-SiO2-P2O5-TiO2-based
inorganic electrolyte (Li1+x+yAlxTi2−xSiyP3−yO12, LICGC, Ohara Co., Kanagawa, Japan) and
branched P(EO/PO)-PEO3/LICGC were prepared via the photo-initiated polymerization of
a P(EO/PO) acrylate macromonomer using 2,2 dimethoxy-2-phenylacetophenone (DMPA)
as a photo initiator. In addition, methoxytriethylene glycol acrylate (PEO3) was added
as a side chain with a free terminal (40 wt% of P(EO/PO)). LiTFSA ([Li]/[O] = 0.10 per
mole of oxygen units of P(EO/PO)) and DMPA (0.1 wt% of P(EO/PO)) were dissolved
in a mixed solution, and LICGC powder was added to the solution. The composition
percentages of LICGC (x) were 0, 50, 100, and 150 wt% of P(EO/PO) or P(EO/PO)-PEO3.
Acetonitrile was added to obtain a homogeneous solution of P(EO/PO)/LICGC. The
P(EO/PO)/LICGC was dried under vacuum for 12 h to completely remove the acetonitrile.
The mixtures were spread between two glass plates separated by a 0.1 mm thick Teflon
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sheet. P(EO/PO)/LICGC and P(EO/PO)-PEO3/LICGC composite thin films (0.1 mm
thick) were also fabricated via irradiation with ultraviolet light for 5 min to achieve the
cross-linking of P(EO/PO).

2.2. Preparation of P(NB/G2)/LICGC Composite Electrolytes

We obtained physically cross-linkable norbornene/di-methylene-glycol di-methyl
ether (P(NB/G2) as a ring monomer (Mw = ca. 14,000; Sumitomo Bakelite Co., Ltd., Tokyo,
Japan), LiTFSA ([Li]/[O] = 0.10), and LICGC. The composition percentages of LICGC (x)
were 0, 50, and 100 wt% of P(NB/G2). Acetonitrile was added to the prepared mixture to
obtain a homogeneous solution. The solution was cast onto a glass plate and left stationary
at ambient temperature for 8 h. The acetonitrile was then completely removed on a hot
plate at 373 K for 1 h. Composite thin films comprising P(NB/G2)/LICGC were obtained
by spreading the dried slurry mixture on polyethylene terephthalate films to a defined
thickness of 0.1 mm using a glass plate.

2.3. Physical Properties of P(EO/PO)/LICGC, P(PO/EO)-PEO3/LICGC, and P(NB/G2)/LICGC

Cross-sectional images of the P(EO/PO)/LICGC and P(NB/G2)/LICGC composite
electrolytes were investigated using scanning electron microscopy and energy-dispersive
X-ray spectroscopy (SEM/EDX, JCM 6000, JEOL, Tokyo, Japan). The glass transition
temperatures (Tgs) of each composite solid electrolyte were measured via differential
scanning calorimetry (DSC; Thermo plus EVO2 DSC8231, Rigaku, Tokyo, Japan) under
a N2 atmosphere. Prior to obtaining the DSC measurements, each composite solid film
was tightly sealed in an aluminum pan in the dry glove box. The DSC measurements were
conducted by cooling the samples to 173 K, then heating them at 10 K min−1. The Tg values
were determined at the middle point of the heat capacity change in the DSC thermograms
during the heating step.

2.4. Electrochemical Properties of P(EO/PO)/LICGC, P(PO/EO)-PEO3/LICGC, and
P(NB/G2)/LICGC

The ionic conductivity (σ) of each composite solid electrolyte was measured via AC
impedance spectroscopy (VSP, Bio Logic). The composite electrolyte films were cut into
circles with diameters (φ) of 12 mm, each of which was sandwiched between two stainless
steel plate blocking electrodes and encapsulated in a measurement cell to prevent exposure
to the air. The measurements were obtained at 200 kHz to 50 mHz at 100 mV above
263.15 K and 500 mV below 258.2 K. All samples were thermally equilibrated for 1.5 h at
each temperature before obtaining the AC impedance measurements.

We obtained AC impedance measurements to determine the chemical stability of
[Li|electrolyte|Li] symmetrical cells and the temperature dependence of electrolyte/Li
metal electrode interfacial resistance. The prepared P(PO/EO)/LICGC and P(PO/EO)-
PEO3/LICGC films were sandwiched between two Li metal electrodes and encapsulated as
2032-type coin cells in the glove box. The time dependencies of resistance in the symmetrical
cells were evaluated in the frequency range of 200 kHz to 10 mHz at amplitudes of 100 or
300 mV. The coin cells were stored at 333.2 K, and their impedance spectra were obtained
every 5 h. The temperature dependencies of the impedance spectra were determined in
the frequency range of 200 kHz to 50 mHz at an amplitude of 100 mV above 263.2 K, and
at 500 mV below 258.2 K as the cells were cooled from 353.2 K. The Li+ transport number
(t+) values of P(PO/EO)/LICGC and P(PO/EO)-PEO3/LICGC were measured via AC
impedance spectroscopy using [Li|electrolyte|Li] symmetrical cells. The measurements
were obtained at 333.2 K in the frequency range of 200 kHz to 10 µHz at amplitudes of
100 or 300 mV.

We investigated the Li deposition/dissolution properties of a [Li|P(NB/G2)/LICGC|Ni]
cell via cyclic voltammetry. The P(NB/G2)/LICGC films were cut into circles with di-
ameters (φ) of 12 mm, each of which was sandwiched between a Ni plate working
electrode and a Li foil counter/reference electrode and encapsulated in a measurement
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cell to prevent exposure to the air. Cyclic voltammetry was carried out at 303.2 K at a
scan rate of 2.0 mV min−1 over a voltage range of −1.0 to 2.5 V versus Li/Li+ from an
open-circuit voltage.

3. Results and Discussion
3.1. SEM Images of the Polymer/LICGC Composite Solid Electrolyte

Figure 1 shows the P(EO/PO)/LICGC (a) and P(NB/G2) (b) (x = 100) samples at
room temperature. The samples were white, owing to the LICGC dispersed in the polymer
matrix. They were highly flexible but self-standing, and had sufficient mechanical strength
to form interfaces with electrode materials. Figure 1c,d shows cross-sectional SEM images
of the P(EO/PO)/LICGC and P(NB/G2)/LICGC samples, and Figure 1e–h shows the
cross-sectional EDX mapping of elemental S in LiTFSA and P in LICGC. Bright areas
with dimensions in the order of a few micrometers were observed throughout the cross-
sectional SEM images, and P was estimated to correspond to the LICGC particles in the EDX
spectra. Therefore, prominent agglomerates were not apparent in the P(EO/PO)/LICGC or
P(NB/G2)/LICGC samples. The LICGC particles were highly dispersible in the polymer
phase at the relatively high composite ratio of x = 100, proving that they were suitable for
the fabrication of homogeneous composite solid electrolyte membranes.
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Figure 1. Photographs of P(EO/PO) + 100 wt% LICGC (a) and P(NB/G2) + 100 wt% LICGC (b).
Cross-sectional SEM images of P(EO/PO) + 100 wt% LICGC (c) and P(NB/G2) + 100 wt% LICGC
(d). EDX mapping images for S (e,f) and P (g,h) in P(EO/PO) + 100 wt% LICGC
and P(NB/G2) + 100 wt% LICGC (EO = ethylene oxide; PO = propylene oxide;
LICGC = Li1+x+yAlxTi2−xSiyP3−yO12; SEM = scanning electron microscopy; NB/G2 = norbornene/di-
methylene-glycol di-methyl ether; EDX = energy-dispersive X-ray spectroscopy).
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3.2. Thermal Properties of P(EO/PO)/LICGC, P(PO/EO)-PEO3/LICGC, and P(NB/G2)/LICGC

Figure 2a shows the DSC thermograms of P(EO/PO)/LICGC and P(PO/EO)-PEO3/LICGC.
Each sample experienced a thermal transition at the Tg of the polymer electrolyte, i.e., at
approximately 230–250 K. Figure 2b shows the DSC thermograms of the P(NB/G2)/LICGC
hybrid electrolyte. Each sample experienced a slight thermal transition at approximately
260–280 K, which was attributable to the thermal vibration of the ether chain in the G2
unit. The G2 unit may require less energy for molecular motion than the NB unit. There-
fore, the thermal vibrations occurred at low temperatures and may not have appeared
as clear thermal transitions. Furthermore, in contrast to the PEO-based composite solid
electrolytes, each P(NB/G2) electrolyte exhibited a heat capacity change, which could be
attributable to the glass transition of the NB unit at 290–310 K. The Tg reflects the properties
of the host polymer in the composite solid electrolyte. There was a heat capacity change
at approximately 310–330 K, which may be attributed to the softening of the NB unit.
Figure 2c shows the relationships between x and Tg in the fabricated P(EO/PO)/LICGC,
P(EO/PO)-PEO3/LICGC, and P(NB/G2)/LICGC samples. The order of Tg for x = 0 (pure
polymer electrolyte) was P(EO/PO)-PEO3 < P(EO/PO) < P(NB/G2)/LICGC, and the Tg
of P(EO/PO)-PEO3 was approximately 10 K lower than that of P(EO/PO). The decrease
in the Tg may be attributed to the slight increase in the free volume of the polymer phase
caused by the introduction of highly mobile low-molecular-weight free chains. In addition,
the Tg value of P(NB/G2) was more than 50 K higher than the values of the PEO-based
electrolytes. Physically cross-linked P(NB/G2) is considered more thermally stable than
chemically cross-linked polymers consisting mainly of EO units, because the hard physical
cross-linking points of the NB units and the soft ion conducting G2 units provide an in-
tramolecular phase separation framework. The Tg values of the P(EO/PO)-PEO3/LICGC
samples did not change significantly with the LICGC concentration, suggesting that the
free volume and segmental motion were maintained [33,34]. The Tg of P(NB/G2)/LICGC
decreased slightly with the LICGC concentration; the introduction of LICGC particles into
P(NB/G2) may have increased its free volume and decreased its Tg by changing its surface
properties. Therefore, the difference in the Tg values between PEO-based composites and
P(NB/G2)/LICGC solid electrolytes is considered an indication of differences between the
polymer structures of their hosts.

3.3. Ionic Conductivity Properties of P(EO/PO)/LICGC, P(PO/EO)-PEO3/LICGC, and
P(NB/G2)/LICGC

Figure 3 shows the relationship between the temperature and σ in P(EO/PO)/LICGC
(Table S1), P(EO/PO)-PEO3/LICGC (Table S2), and P(NB/G2)/LICGC (Table S3). The
majority of ionic conduction occurred in the polymer phase because σ had a non-Arrhenius
temperature dependency similar to that of pure PEO-based solid electrolytes at high tem-
peratures. The σ of P(EO/PO)/LICGC decreased with the LICGC concentration over
the entire temperature range. We considered that a polymer–particle interface formed
within P(EO/PO)/LICGC; the resistance can be attributed to the grain boundaries be-
tween the LICGC particles (RGB), which contributed to the decrease in σ. In addition,
the temperature dependence of σ in the low-temperature range tended to be linear. This
behavior implies that Li+ was preferentially conducted in the LICGC phase [30] in the
low-temperature range.

At temperatures below approximately 283 K, the σ value of P(EO/PO)-PEO3/LICGC when
x = 50 or 100 was higher than when x = 0. In P(EO/PO)-PEO3/LICGC and P(EO/PO)/LICGC,
Li+ conductivity was greatest in the continuous phase of LICGC in the low-temperature
range, and the transport process at the polymer/particle interface may have been promoted
by the high mobility of the free chains. The σ of P(NB/G2)/LICGC was decreased by the
introduction of LICGC. This was caused by the formation of a continuous LICGC phase fol-
lowing the introduction of LICGC. In P(NB/G2)/LICGC (x = 0), σ was observed to decrease
to 283 K, but was observed to decrease to 263 K after the introduction of LICGC, which
suggests that Li+ conduction occurred mainly in the LICGC phase below 278 K. Therefore,
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the introduction of LICGC to solid polymer electrolytes promotes ionic conduction in the
low-temperature range, and is expected to contribute to the low-temperature actuation of
all-solid-state batteries.

Batteries 2023, 9, x FOR PEER REVIEW 6 of 13 
 

 

  

 

 

  

Figure 2. DSC thermograms of P(EO/PO)/LICGC and P(EO/PO)-PEO3/LICGC (a), P(NB/G2)/LICGC 
composite electrolytes (b) during the heating process, and x dependence of glass transition temper-
ature (Tg) (c) (EO = ethylene oxide; PO = propylene oxide; LICGC = Li1+x+yAlxTi2−xSiyP3−yO12; NB/G2 = 
norbornene/di-methylene-glycol di-methyl ether). 

3.3. Ionic Conductivity Properties of P(EO/PO)/LICGC, P(PO/EO)-PEO3/LICGC, and 
P(NB/G2)/LICGC 

Figure 3 shows the relationship between the temperature and σ in P(EO/PO)/LICGC 
(Table S1), P(EO/PO)-PEO3/LICGC (Table S2), and P(NB/G2)/LICGC(Table S3). The major-
ity of ionic conduction occurred in the polymer phase because σ had a non-Arrhenius 
temperature dependency similar to that of pure PEO-based solid electrolytes at high tem-
peratures. The σ of P(EO/PO)/LICGC decreased with the LICGC concentration over the 
entire temperature range. We considered that a polymer–particle interface formed within 
P(EO/PO)/LICGC; the resistance can be attributed to the grain boundaries between the 
LICGC particles (RGB), which contributed to the decrease in σ. In addition, the temperature 
dependence of σ in the low-temperature range tended to be linear. This behavior implies 
that Li+ was preferentially conducted in the LICGC phase [30] in the low-temperature 
range. 

Figure 2. DSC thermograms of P(EO/PO)/LICGC and P(EO/PO)-PEO3/LICGC (a),
P(NB/G2)/LICGC composite electrolytes (b) during the heating process, and x dependence
of glass transition temperature (Tg) (c) (EO = ethylene oxide; PO = propylene oxide;
LICGC = Li1+x+yAlxTi2−xSiyP3−yO12; NB/G2 = norbornene/di-methylene-glycol di-methyl ether).

3.4. [Li|Composite Solid Electrolyte|Li] Symmetrical Cells

We investigated the time dependency of the electrolyte–Li metal interfacial resistance
(RLi) to evaluate the electrochemical stabilities of the P(EO/PO)/LICGC and P(EO/PO)-
PEO3/LICGC electrolytes, as shown in Figure 4. The Nyquist plots obtained from the
[Li|composite solid electrolyte|Li] symmetrical cells were analyzed using an equiva-
lent circuit described by Equation (1), and the RLi was calculated by separating the
resistive components:

Rb + QLi/RLi + Qdiff (1)
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where Rb is the bulk resistance of the electrolyte, and QLi and RLi are the capacitance and re-
sistance caused by the charge transfer of Li+, respectively. The RLi values of both composite
solid electrolytes remained almost constant for approximately 200 h, and a stable interface
formed with the Li metal electrode. Although polyether-based polymer solid electrolytes
form stable interfaces with Li metal electrodes by virtue of their high electrochemical stabil-
ity, the Ti in LICGC reportedly forms an unstable interface by reacting with Li metal [35].
In the present study, the LICGC particles in the composite solid electrolytes were covered
by the polymer phase, which prevented direct contact with the Li metal electrode, and
would have formed a stable interface. This suggests that even a composite solid electrolyte
containing Ti may be applicable to an all-solid-state battery containing a Li metal electrode.
In addition, the RLi of the P(EO/PO)/LICGC sample had a minimum value at x = 100, and
the maximum value at x = 150 corresponded to a slight side reaction in the LICGC phase.
In the case of a relatively low LICGC concentration of x = 0–100, the continuous phase
of LICGC formed close to the electrolyte–Li metal interface, and may have promoted Li+

transport and reduced the RLi. Furthermore, when PEO3 was introduced, the RLi values
were slightly lower when x = 50 or 100 than when x = 0. This implies that the enhancement
of Li+ transport at the polymer/LICGC particle interface contributes to a reduction in RLi.
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Rb + QLi/RLi + Qdiff (1) 

where Rb is the bulk resistance of the electrolyte, and QLi and RLi are the capacitance and 
resistance caused by the charge transfer of Li+, respectively. The RLi values of both compo-
site solid electrolytes remained almost constant for approximately 200 h, and a stable in-
terface formed with the Li metal electrode. Although polyether-based polymer solid elec-
trolytes form stable interfaces with Li metal electrodes by virtue of their high electrochem-
ical stability, the Ti in LICGC reportedly forms an unstable interface by reacting with Li 
metal [35]. In the present study, the LICGC particles in the composite solid electrolytes 
were covered by the polymer phase, which prevented direct contact with the Li metal 
electrode, and would have formed a stable interface. This suggests that even a composite 
solid electrolyte containing Ti may be applicable to an all-solid-state battery containing a 
Li metal electrode. In addition, the RLi of the P(EO/PO)/LICGC sample had a minimum 

Figure 3. Temperature dependence of ionic conductivity (σ) in the P(EO/PO)/LICGC
and P(NB/G2)/LICGC composite electrolytes (EO = ethylene oxide; PO = propylene oxide;
LICGC = Li1+x+yAlxTi2−xSiyP3−yO12; NB/G2 = norbornene/di-methylene-glycol di-methyl ether).

Figure 5a,b shows the Cole–Cole plots of [Li|P(EO/PO)/LiCGC|Li] (a) and [Li|P(EO/PO)-
PEO3/LiCGC|Li] (b) symmetrical cells at 288.15 K. Both of the Rb values in the high-
frequency range and RLi at the electrolyte–Li metal interface in the low-frequency range
were observed in the Cole–Cole plot of the system when x = 0. The time constants of Rb
and RLi were kHz order and about 5–10 Hz, respectively, and were calculated when this
spectrum was fitted using the equivalent circuit described by Equation (2):

Qb/Rb+ QLi/RLi (2)

where Qb is the capacitance of the electrolyte bulk. The Nyquist plots of the [Li|composite
solid electrolytes (x = 50–150)|Li] symmetrical cells exhibited a new semicircular arc with
an increasing x value in the intermediate-frequency range between the frequency region of
Rb and RLi. This semicircular arc indicated the formation of an LICGC continuous phase
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into composite solid electrolytes. Therefore, the Nyquist plots for these composite ranges
were analyzed using an equivalent circuit described by Equation (3), and Rb, RGB, and RLi
were calculated, respectively.
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Figure 4. Time dependence of the electrolyte–Li metal interfacial resistance (RLi) in the
P(EO/PO)/LICGC composite electrolytes at 333.2 K (EO = ethylene oxide; PO = propylene oxide;
LICGC = Li1+x+yAlxTi2−xSiyP3−yO12).

Qb/Rb+ QGB/RGB+ QLi/RLi (3)

where QGB is the capacitance of the formed grain boundary component. The obtained
temperature dependence of RGB and RLi was linear and followed the Arrhenius law. The
Arrhenius equation expresses the relationship between the rate of a chemical reaction and
the apparent activation energy. It is given by Equation (4):

k = A exp (−Ea/RT) (4)

where k, A, and R are the reaction rate constant, the frequency factor, and the gas constant,
respectively. The slopes of the lines obtained from the Arrhenius plots of RGB and RLi were
applied to Equation (4) to calculate Ea,GB and Ea,Li.

Figure 6a shows the dependence of the apparent activation energy (Ea) values of RGB
and RLi on x. P(EO/PO)/LICGC had the highest Ea,Li value when x = 50, but the value
decreased as x increased. This suggests that the continuous LICGC phase formed near the
electrolyte–Li metal electrode interface as x increased, and this continuous phase promoted
Li+ transport. The Ea,GB decreased as x increased (x = 50:127 kJ mol−1; x = 150:96 kJ mol−1).
This was caused by an increase in the LICGC continuous phase in the electrolyte as x in-
creased, which facilitated Li+ transport. The decreases in Ea,Li and Ea,GB indicate that LICGC
is a promising material that could enhance the output characteristics of all-solid-state bat-
teries. However, the Ea,Li of P(EO/PO)-PEO3/LICGC increased up to x = 50 as the LICGC
content of the composite increased, and decreased slightly thereafter. Figure 4 reveals that
the RLi decreased in the composite, and the introduction of PEO3 may have promoted the
frequency factor associated with the electrolyte–Li metal electrode interfacial reaction.
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Figure 5. Cole–Cole plots of [Li|P(EO/PO)/LiCGC|Li] (a) and [Li|P(EO/PO)/LiCGC|Li]
(b) symmetrical cells (a) at 288.15 K (EO = ethylene oxide; PO = propylene oxide;
LICGC = Li1+x+yAlxTi2−xSiyP3−yO12).
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Figure 6. Relationships of the apparent activation energies of grain boundary resistance and
electrolyte–Li metal interfacial resistance on x (a) and the Li+ transport number (t+) (b) in
the P(EO/PO)/LICGC composite electrolytes (EO = ethylene oxide; PO = propylene oxide;
LICGC = Li1+x+yAlxTi2−xSiyP3−yO12).

The Li+ transport number (t+) was measured using a [Li|composite solid electrolyte|Li]
symmetrical cell, and the semicircular arcs obtained at the high-frequency side were sym-
metrical shapes. In contrast, asymmetric arcs were obtained as x increased. The semicircular
arcs obtained on the low-frequency side were attributed to resistance (Zdiff) caused by Li+
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diffusion, and the high- and low-frequency sides were analyzed using the following equiv-
alent circuit described by Equations (5)–(7) to separate the resistance components:

High-frequency side:
Qb/Rb+ QLi/RLi (x = 0) (5)

Qb/Rb+ QGB/RGB+ QLi/RLi (x ≥ 50) (6)

Low-frequency side:
R + Q/R + Qdiff/Zdiff (7)

The obtained resistance component was applied to Equation (8) to calculate t+.

t+= Rb/(Rb+ Zdiff) (8)

Figure 6b shows the relationship between t+ and x in P(EO/PO)/LICGC and P(EO/PO)-
PEO3/LICGC. For both composite solid electrolytes, the t+ values when x = 0 to 100 were
stable, whereas when x = 150, the t+ value increased. The introduction of LICGC with a
higher t+ than the polymer phase promoted sufficient Li+ transport into the composite
solid electrolytes by expanding the LICGC continuous phase, even though they had rel-
atively low t+ values of less than 0.1 [30]. This suggests that the introduction of LICGC
into polyether-based solid polymer electrolytes forms a stable interface with the Li metal
electrode and promotes Li+ transport by forming a continuous phase.

3.5. Li Precipitation/Dissolution Characteristics in P(NB/G2)/LICGC

Figure 7 shows the cyclic voltammograms of [Li|Ni] cells obtained using P(NB/G2)/LICGC
composite electrolytes. In all compositions of P(NB/G2)/LICGC, the reduction currents
observed during the reduction processes were attributed to a deposition reaction of the
Li (less than 0 V versus Li/Li+). Furthermore, clear oxidation peaks attributable to the
dissolution reaction of the deposited Li were confirmed, and the Coulombic efficiencies
at x = 0, 50, and 100 were calculated to be 18.6%, 39.1%, and 21.9%, respectively, from the
area ratios of the current peaks related to the Li deposition/dissolution reactions. Because
the Coulombic efficiency increased as x increased, the introduction of LICGC to P(NB/G2)
may have suppressed irreversible reactions. This suggests that P(NB/G2)/LICGC acts as a
Li+-conducting solid electrolyte and has potential for use in all-solid-state batteries.
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4. Conclusions

In the present study, we prepared highly flexible and self-standing chemically cross-
linked P(EO/PO)/LICGC electrolytes, branched P(EO/PO)-PEO3/LiCGC electrolytes, and
physically cross-linked P(NB/G2)/LICGC electrolytes, and evaluated their thermophysical
and electrochemical properties via DSC, AC impedance, and cyclic voltammetry. The
addition of LICGC to the polymer electrolyte phase contributed sufficiently to the formation
of continuous LICGC pathways to prevent grain boundary resistance. Moreover, the stable
interfacial formation of Li metal was achieved regardless of the presence of reductive
components in the LICGC, and the relatively favorable deposition/dissolution of Li metal
on Ni was also confirmed. Therefore, these chemically and physically cross-linked hybrid
solid electrolytes are potential candidate materials for the next generation of all-solid-state
battery systems.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries9100492/s1, Table S1: The σ values of P(EO/PO)/x
wt% LICGC electrolytes at each temperature; Table S2: The σ values of P(EO/PO)-PEO3/x wt%
LICGC electrolytes at each temperature; Table S3: The σ values of P(NB/G2)/x wt% LICGC elec-
trolytes at each temperature.
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and K.H.; writing—review and editing, S.S.; supervision, S.S.; project administration, M.M. and S.S.;
funding acquisition, S.S. All authors have read and agreed to the published version of the manuscript.
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