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ABSTRACT: A composite electrolyte based on a garnet electrolyte (LLZO) and polyester-based co-polymer (80:20 ε-caprolactone
(CL)-trimethylene carbonate, PCL-PTMC with LiTFSI salt) is prepared. Integrating the merits of both ceramic and co-polymer
electrolytes is expected to address the poor ionic conductivity and high interfacial resistance in solid-state lithium-ion batteries. The
composite electrolyte with 80 wt % LLZO and 20 wt % polymer (PCL-PTMC and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) at 72:28 wt %) exhibited a Li-ion conductivity of 1.31 × 10−4 S/cm and a transference number (tLi+) of 0.84 at 60 °C,
notably higher than those of the pristine PCL-PTMC electrolyte. The prepared composite electrolyte also exhibited an
electrochemical stability of up to 5.4 V vs Li+/Li. The interface between the composite electrolyte and a LiFePO4 (LFP) cathode was
also improved by direct incorporation of the polymer electrolyte as a binder in the cathode coating. A Li/composite electrolyte/LFP
solid-state cell provided a discharge capacity of ca. 140 mAh/g and suitable cycling stability at 55 °C after 40 cycles. This study
clearly suggests that this type of amorphous polyester-based polymers can be applied in polymer-in-ceramic composite electrolytes
for the realization of advanced all-solid-state lithium-ion batteries.
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1. INTRODUCTION

Commercial lithium-ion batteries (LIBs) based on organic
liquid electrolytes pose some safety concerns due to the
flammability of their solvents, unrestrained electrochemical
side reactions, lithium dendrite formation, and internal short
circuits.1 Solid-state electrolytes represent one of the most
promising strategies to mitigate these safety concerns in LIBs
and enable the use of lithium metal anodes in lithium-metal
batteries, thereby increasing their energy density compared to
LIBs.2,3

Solid-state electrolytes include inorganic solid (ceramic)
electrolytes and solid polymer electrolytes (SPEs). Ceramic
electrolytes such as garnet oxides, NASICONs (sodium super
ionic conductors), and sulfides used as single-ion conductors
have a lithium-ion transference number (tLi+) of unity and high
lithium ionic conductivities, i.e., σ ≈ 10−4−10−2 S/cm at 25

°C.4,5 The lithium-ion transport mechanism in ceramic
electrolytes involves the hopping of lithium ions from one Li
site to another vacant Li site.6 Ceramic electrolytes also exhibit
good mechanical, thermal, and electrochemical stabilities.7,8

Despite these remarkable attributes, ceramic electrolytes
typically have poor contact with the electrodes and exhibit
high interfacial resistances at the grain boundaries and at the
electrolyte−electrode interfaces. In comparison, SPEs based on
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poly(ethylene oxide) (PEO) are flexible and easy to process;9,10

however, they display low ionic conductivity at room temper-
ature and low lithium-ion transference numbers.11−13 In SPEs,
the lithium ions are solvated by polymeric chains and are
transported by successive exchange of ligands in the solvation
shell, assisted by segmental motion of the polymeric chains.14

The strong solvation of Li-ions by polymeric chains, weak salt
disassociation, and crystallinity in the polymers result in low
ionic conductivities and low transference numbers in SPEs.15,16

Although some of these properties may be partially addressed in
advanced electrolyte materials, it is apparent that the use of
either polymer or ceramic electrolytes is challenging for realizing
all-solid-state LIBs.
To address these challenges inherent to the ceramic and

polymer electrolytes, composite electrolytes combining both
types of the materials have been developed.17,18 Composite
electrolytes combine the advantages of the polymer and ceramic
constituents, leveraging on additional synergies between these
electrolytic materials to improve the properties of the solid-state
electrolytes. As such, composite electrolytes usually exhibit high
ionic conductivities and lithium-ion transference numbers
compared to their SPE counterparts. The addition of ceramic
particles in semicrystalline polymers like PEO improves the
ionic conductivity below the melting point of the pure polymer
by stabilizing the highly conductive amorphous phase and
decreasing the glass transition temperature. Additionally,
ceramic particles increase the transference number and ionic
conductivity of composite electrolytes by promoting Lewis
acid−base interactions between the ceramic particle surfaces
and both the polymeric chains and salt anions.19 This can result
in the immobilization of the Li salt anions, increased salt
dissociation, and increased fraction of the amorphous phase in
semicrystalline polymers, thus increasing the lithium-ion
transference numbers and ionic conductivity,19 while composite
electrolytes consisting of fillers with a three-dimensional
framework provide high ionic conductivity and mechanical
robustness compared to their SPE counterparts.20−22

High ionic conductivity and transference number, together
with good mechanical strength, electrochemical stability, and
thermal stability, are necessary to achieve improved composite
electrolytes, which are essential for highly performing all-solid-
state batteries. This requires composite electrolytes with high
ceramic loadings, also known as polymer-in-ceramic composites.
Unfortunately, these composites are difficult to process because
the high ceramic loading disrupts the mechanical properties and
their ionic conductivities tend to decrease with an increase in the
ceramic filler typically above 50 wt %.23−25 Various strategies
have been pursued to improve the ionic conductivities in
polymer-in-ceramic composite electrolytes. Tetraethylene gly-
col dimethyl ether (TEGDME) plasticizers have been used to
increase the ionic conductivity of PEO-LLZO polymer-in-
ceramic composite electrolytes by further reducing the PEO
crystallization and increasing the fraction of the amorphous PEO
phase.23,26 Conversely, the poly(ethylene glycol) (PEG) binder
was used to enhance the mechanical properties and ionic
conductivity of the PEO-80 wt % LLZTO composites.27 The
ionic conductivity in this sample was improved by the ability of
both the PEO and PEG to solvate Li+ from the salt.27

Replacing the PEO-based polymer matrix with other
alternative polymer electrolytes is also another strategy used
to improve the performance of the composite electrolytes. High
lithium-ion transference numbers (tLi+ of 0.82) and high ionic
conductivities of σ ≈ 10−4−10−2 S/cm at 55 °C, respectively,

were obtained in poly(ethylene carbonate) (PEC)-70 wt %
LLZO composites.28 However, high salt concentrations of ca. 60
wt % were used in this composite. Polyester-based SPEs such as
poly(ε-caprolactone) (PCL) and poly(ε-caprolactone (CL)-
trimethylene carbonate) co-polymer (PCL-PTMC) electrolytes
have proven themselves to be promising alternatives to PEO
electrolytes.21,29,30 The addition of minor trimethylene carbo-
nate (TMC) co-monomer units suppresses the crystallization in
PCL and improves the Li-ion transport, thus resulting in high
ionic conductivities. The highest ionic conductivity of σ≈ 4.1 ×
10−5 S/cm at 25 °C and a transference number of tLi+ ≈ 0.60 at
40 °C were obtained for the 80:20 mol % composition of the
PCL-PTMC co-polymers with 36 wt % lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI).29 Given these fa-
vorable properties of the PCL-PTMC co-polymer, a composite
electrolyte based on this co-polymer can potentially mitigate the
decrease in ionic conductivity faced by polymer-in-ceramic
composite electrolytes, since they are amorphous and possess
weaker cation coordination compared to PEO.16

Therefore, in this work, a composite electrolyte based on the
mixture of PCL-PTMC−LiTFSI/cubic LLZO particles was
investigated for all-solid-state lithium-ion batteries. Cubic
LLZO ceramic was used here because of its chemical stability
against lithium metal anodes, high ionic conductivity (σ ≈
10−3−10−5 S/cm at 25 °C), and a wide potential window for
reliable electrochemical operation (>5 V vs Li/Li+).31,32 A
synergy between these different polymeric and ceramic
electrolyte components has been observed, thus making this
type of composite electrolytes attractive for advancing all-solid-
state Li-ion batteries.

2. EXPERIMENTAL SECTION
2.1. Materials. ε-Caprolactone (CL; Perstorp) was distilled under

reduced pressure over CaH2 (99.9% Sigma-Aldrich). Trimethylene
carbonate (TMC; Richman Chemicals) was used as received and,
together with the ε-caprolactone, was stored in an argon-filled glovebox.
Stannous 2-ethylhexanoate (95%, Sigma) and dry toluene (99.8%,
Acros Organics) were also kept in an argon-filled glovebox. Carbon-
coated LiFePO4 (Phostech Lithium) powders, Super P Carbon Black
(Alfa Aesar, >99%), carbon-coated aluminum foil (Showa Denko),
lithium foil (125 mm, Cyprus Foote Mineral Co.), anhydrous
acetonitrile (ACN, Sigma-Aldrich), and isopropanol (Sigma-Aldrich)
were used as received. LiTFSI (BASF) was dried in a vacuum oven at
120 °C for 48 h. Li2CO3 (99.99%), La(OH)3 (99.99%), and ZrO2
(99%) were purchased from Sigma-Aldrich and γ-Al2O3 (99.9%) was
purchased from VWR.

2.2. Preparation ofGarnet LLZOPowders.The cubic LLZOwas
synthesized by a typical solid-state synthesis method. The molar ratio of
the starting materials was 6.7:0.3:3:2 for Li2CO3, Al2O3, La(OH)3, and
ZrO2 reagents, respectively. Al2O3 was added to stabilize the cubic
phase and 10% excess of Li2CO3 was used to compensate for losses
during the high-temperature heating. The powder reagents were ball-
milled using a planetary ball-mill (Retsch PM100) in 2-propanol using
zirconia balls at a milling speed of 450 rpm for 12 h. The resultant
mixture was dried in a ventilated oven (Heraeus D-6450 Hanau) at 80
°C for 6 h. The LLZO precursor was calcined using a muffle furnace
(MTI corporation, VBF1200X) from room temperature at 2 °C/min to
1000 °C, held at 1000 °C for 12 h in air and then cooled at 2 °C/min to
room temperature. The obtained powder was ball-milled again using
similar conditions and cold-pressed into pellets. The pressed pellets
were placed on a fresh LLZO powder bed within a covered Al2O3
combustion boat before sintering to 1100 °C for 12 h in air with a rate of
2 °C/min during both heating and cooling.

2.3. Preparation of the Polymer and Composite Electrolytes.
The 80:20 PCL-PTMC co-polymer was prepared through bulk ring-
opening polymerization following the same synthesis procedure
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previously reported in literature.29,33 The 80:20 PCL-PTMC co-
polymer SPEs with ≥28 wt % LiTFSI salt content possess good ionic
conductivity and suitable mechanical properties for battery cycling.33

The polymer electrolyte sample was prepared by mixing 72 wt% 80:20
PCL-PTMC co-polymer and 28 wt% LiTFSI salt in ACN while stirring
at 40 °C overnight. The polymer electrolyte solution was cast in a
Teflon mold and, subsequently, the ACN was evaporated in a vacuum
oven in the glovebox to obtain polymer electrolyte films. The vacuum
oven was initially pumped down to 200 mbar and then slowly to <1
mbar over 20 h at ambient temperature. Then, the vacuum oven
temperature was gradually increased to 60 °C and the samples were
kept under vacuum at 60 °C for 40 h. The resultant polymer electrolyte
films were subsequently cooled to ambient temperature before being
punched to obtain discs with a diameter of 15 mm in the argon-filled
glovebox. The obtained polymer films are referred to as polymer
electrolytes.
Polymer-in-ceramic electrolytes with 30 wt % (9.1 vol %), 50 wt %

(19.1 vol %), 80 wt % (49 vol %), and 90 wt % LLZO (68 vol %) were
prepared by firstly dissolving the PCL-PTMC polymer and 28 wt %
(with respect to the polymer) LiTFSI salt in ACN to form a viscous
polymer−salt mixture. The polymer−salt mixture was stirred overnight
at 40 °C inside the glovebox. Then, the LLZO particles were added to
the mixture, which was ball-milled at 25 Hz for 15 min under argon
atmosphere. Lastly, the homogenizedmixture was cast in a Teflonmold
and the ACN solvent was evaporated in the vacuum oven using the
same evaporation procedure previously employed for the polymer
electrolyte sample.
2.4. Electrode Preparation and Cell Assembly. LiFePO4 (LFP)

cathode electrodes were prepared bymaking a slurry consisting of 70 wt
% LiFePO4, 15 wt% carbon black, and 15 wt% binder (PCL-PTMC co-
polymer) in ACN. The slurry was spread onto a carbon-coated
aluminum foil to obtain a cathode coating after solvent evaporation.
The electrodes were punched using an electrode perforator (Hohsen)
to get the electrode discs with LFP loadings of 5 mg/cm2 and
subsequently dried in a vacuum oven at 120 °C for 12 h. The composite
electrolyte was solution-cast on top of the LFP electrode with a
diameter of 11 mm in Teflon molds and dried under vacuum at 60 °C
by employing the evaporation process described in Section 2.3. A Li-
metal disc with a diameter of 13 mm was used as an anode. Pouch-type
cells were assembled in the argon-filled glovebox and subsequently used
for electrochemical characterization.
2.5.Material Characterization and ElectrochemicalMeasure-

ments. X-ray diffraction (XRD, Bruker D8 Advance diffractometer)
was used to determine the crystal structure and purity of the LLZO and
composite electrolytes using an X-ray source employing Cu Kα
radiation (λ = 1.54178 Å) over a 2θ range of 10−90°. A scanning
electron microscope (SEM, LEO 1550) equipped with an energy-
dispersive X-ray spectroscopy (EDS) detector (Oxford) was used to
image the surface morphology of the samples and perform elemental
analysis. The composite electrolyte was sputtered with Au/Pd before
taking the SEM images. The SEM images were taken with an
acceleration voltage of 5 kV. Fourier-transform infrared (FT-IR)
spectroscopy analyses were performed at room temperature via a Perkin
Elmer FTIR spectrometer (Spectrum One) in a wavenumber range of
4000−530 cm−1 by using an attenuated total reflectance (ATR)
configuration coupled to the samples via a diamond window.
The thermal stability of the composite electrolyte was analyzed by

thermogravimetric analysis (TGA, TA instruments Q500) from room
temperature to 700 °C at a heating rate of 5 °C/min in N2 gas.
Differential scanning calorimetry (DSC, TA instruments Q2000) was
carried out to measure the glass transition temperatures of the
electrolytes. The DSCmeasurements were recorded in the temperature
range between −80 and 100 °C with a heating rate of 10 °C/min and a
cooling rate of 5 °C/min.
Solid-state NMR spectra (ssNMR) were recorded at 11.7 T using a

Bruker AVANCE III HD spectrometer. A 3.2 mm cross-polarization
magic angle spinning (CP/MAS) probe was used for the 7Li
experiments recorded at a Larmor frequency of ν(7Li) = 194.317
MHz. 7Li MAS NMR experiments were performed at 20 kHz spinning
speed with 1H decoupling (tppm 15). The recycle delay was 2 s for all

ssNMR experiments. The 7Li chemical shift was calibrated using 1 M
LiCl in D2O (7Li: 0.0 ppm). The pulse length was set to 2.5 μs at 60 W
for maximal signal intensity. 2D 7Li−7Li EXSY correlation MAS NMR
spectra were recorded using a NOESY-type three-pulse sequence. The
π/2 pulse length was set to 3.0 μs at 60 W. The duration of the spin-
exchange periods between the second and third pulse was from 100 μs
to 500 ms. For all experiments, the spectral width in the F1 frequency
dimension was 20 and 50 kHz in the F2 frequency dimension. The
indirect detection period t1 consisted of 512 increments each composed
of 8 scans.

Electrochemical impedance spectroscopy (EIS, SI 1260 Impedance
Gain-Phase Analyzer, Schlumberger) analysis was used to measure the
total ionic conductivity of the LLZO, polymer electrolytes, and
composite electrolyte samples. The samples were sandwiched between
two stainless-steel (SS) blocking electrodes in a Swagelok-type cell. The
cells were heated to 90 °C for 1 h and cooled to room temperature
overnight. The impedance measurements were recorded in the
frequency range 100 mHz−7 MHz with an amplitude of 50 mV in
the temperature range 30−100 °C. The data was analyzed using ZView
software (Scribner Associates). The ionic conductivity, σ, was
calculated from the relation σ = t/(R·A), where t is the thickness, R is
the bulk resistance, and A is the cross-section geometrical area of the
electrolyte in contact with the blocking electrodes. EIS measurements
were also carried out for the determination of the area-specific
resistance (ASR) between the Li-metal electrode−electrolyte for the
composite and polymer samples. The electrolyte samples were
sandwiched between two Li-metal disks in Swagelok-type cells. The
EIS measurements were performed at 30, 40, and 60 °C and the cells
were equilibrated for 2 h at each temperature before recording the EIS
spectra. The impedance measurements were recorded in the frequency
range 100 mHz−7 MHz with an amplitude of 50 mV.

The lithium-ion transference number (tLi+) was measured following
the Bruce and Vincent method using potentiostatic polarization, which
was carried out via a potentiostat (Bio-Logic SP-240) and a symmetric
Li/electrolyte/Li cell configuration in a pouch-type cell. The cells were
equilibrated at room temperature overnight before the measurements.
A DC polarization voltage of 10 mVwas applied and the AC impedance
signal was measured between 100 mHz and 7 MHz before and after
polarization. The lithium-ion transference number was calculated using
the following relationship

=
−
−

+t
I V I R
I V I R

( )
( )Li

ss 0 0

0 ss ss (1)

where tLi+ is the lithium-ion transference number, I0 is the initial current,
Iss is the steady-state current, R0 is the initial resistance obtained before
polarization, Rss is the steady-state resistance obtained after polar-
ization, and V is the applied polarization voltage. The values of R0 and
Rss were determined by fitting the Nyquist plots with the equivalent
circuit shown in Figure S1.

Linear sweep voltammetry (LSV) was performed through the same
electrochemical equipment and was employed to test the stability of the
electrolytes against oxidation. A stainless-steel electrode was used as the
working electrode and Li-metal as the counter and reference electrode.
The voltage was swept from 3 V to up to 6 V (vs Li+/Li) with a sweep
rate of 0.1 mV/s. Li stripping/plating measurements were performed
with the above equipment in symmetrical cells with Li-metal discs
having a diameter of 11 mm and a circular electrolyte layer with a
diameter of 15 mm. The galvanostatic lithium stripping and plating
measurements of the composite electrolyte were carried out at room
temperature by applying a current density of 0.025 mA/cm2.
Galvanostatic charge−discharge analyses were performed at a constant
current rate ofC/20 between 2.5 and 4.3 V vs Li+/Li under thermostatic
conditions at room temperature and 55 °C bymeans of a high-precision
charger system (Novonix).

3. RESULTS AND DISCUSSION
3.1. Structural, Chemical, and Thermal Analyses.

Powder X-ray diffraction (XRD) patterns of the LLZO powder,
polymer, and composite with 80wt% LLZO are shown in Figure
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1a. The cubic structure of the LLZOwas stabilized by aluminum
doping and the XRD pattern was indexed to the space group
Ia3̅d with minor impurities.34−36 The XRD pattern of the
composite displays strong peaks that are characteristic of LLZO,
suggesting that there is no significant structural change when

incorporating the LLZO particles in the polymer matrix. On the
other hand, the XRD pattern of the polymer confirms the
amorphous nature of the latter.
The chemical interaction and stability of the LLZO ceramic

and polymer were further investigated using Fourier transform

Figure 1. (a) X-ray diffraction patterns of LLZO, composite, and polymer electrolytes. (b) FT-IR spectra of composite, polymer, and LLZO
electrolytes. (c) DSC measurements of the composite and polymer electrolytes, and (d) TGA analyses of the LLZO, composite, and polymer
electrolytes.

Figure 2. (a, b) Top-view and (c, d) cross-sectional SEM images of the composite electrolyte taken at different magnifications. The arrows in (d)
highlight the covering of the LLZO particles by the polymer.
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infrared spectroscopy (FTIR, Figure 1b). The FTIR spectrum of
the polymer electrolyte is similar to that reported previously in
literature and exhibits characteristic peaks of the PCL-PTMC
co-polymer with the LiTFSI salt.37 The FTIR spectrum of the
composite with 80 wt % LLZO clearly shows the presence of the
polymer electrolyte incorporated in it. The FTIR spectrum of
the composite electrolyte did not display any peaks due to
specific reaction between the LLZO and polymer electrolyte.
Therefore, the XRD and FTIR analyses confirm the chemical
stability of the LLZO and the polymer in the composite
electrolyte, as well as that of each component during the
preparation procedure.
Differential scanning calorimetry (DSC) was performed for

the polymer and the composite electrolytes to further determine
the effect of the LLZO particles in the polymer electrolyte.
Figure 1c presents DSC curves for both the composite and the
polymer electrolytes recorded during the heating scan in a
temperature range of −80 to 80 °C. The polymer phase in the
composite electrolyte remains amorphous and its glass transition
temperature (Tg) of −36.1 °C shows no significant difference
from that of the pure polymer electrolyte (−37.7 °C).
The thermal stability of solid-state electrolytes is particularly

important for the safety of the corresponding lithium-ion
batteries. The thermogravimetric analyses (TGA) of the
composite, LLZO, and polymer are displayed in Figure 1d.
From this analysis, it is apparent that the composite electrolyte is
more stable compared to its polymer counterpart. The initial
weight loss below 200 °C is due to the removal of adsorbed
water. The following gradual weight losses up to 456 °C are

attributed to the decomposition of the components of the
polymer electrolyte present in the composite sample. The TGA
curve of the polymer electrolyte shows a series of decomposition
steps between 233 and 418 °C arising from the fact that the
polymers’ PTMC and PCLmonomeric units and the LiTFSI salt
decompose at different temperatures.33,38

The scanning electron microscopy (SEM) images of the
composite electrolyte with 80 wt % LLZO are displayed in
Figure 2. The morphology, elemental analysis, particle size
distribution, and ionic conductivity of the LLZO powders are
shown separately in Figure S2. The SEM images in Figure 2a,b
show the top view of the composite electrolyte surface after
casting without applying pressure. Figure 2b highlights the
presence of the polymer in the composite and that the sticky
nature of the polymer helps in binding the particles together
without the need for pressing. Figure 2c,d displays the cross-
sectional images of the composite electrolyte and confirms the
presence of the polymer in the bulk of the sample. Figure 2d also
reveals the coating of LLZO by the polymer. The coating of the
LLZO particles by the polymer should serve to minimize the
interfacial resistance and simultaneously increase the Li-ion
transport between the composite electrolyte and the electrodes.

3.2. Li-Ion Conductivity Analyses. Electrochemical
impedance spectroscopy (EIS) was used to determine the
ionic conductivity of the composite electrolytes. The temper-
ature dependence of the ionic conductivity of the composite
electrolytes at 30 wt % LLZO (9.1 vol %), 50 wt % LLZO (19.1
vol %), 80 wt % LLZO (49 vol %), 90 wt % LLZO (68 vol %),
and pure polymer electrolyte is displayed in Figure 3a. The

Figure 3. (a) Comparison of Arrhenius plots for the ionic conductivity of the polymer and composite electrolytes with different LLZO loadings; (b)
ionic conductivity plots at 60 °C for the polymer and composite electrolytes with different LLZO loadings; and (c) schematic representation of the Li-
ion transport in composite electrolytes at 30 wt % LLZO, 80 wt % LLZO, and 90 wt % LLZO loadings. The arrows in the images represent the Li-ion
conduction pathway in the composite.
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corresponding ionic conductivities are within the range of
previously reported values for ionic conductivities of ceramic−
polymer composites.17 The comparison of the composite
electrolyte (80 wt % LLZO) with other polymer−ceramic
electrolytes of similar ceramic loading is shown in Table S1.
The ionic conductivity increases with the increase in ceramic

loading; the highest ionic conductivity for the studied composite
series was obtained for the 80 wt % LLZO composite electrolyte
and is 1.4 × 10−5 and 1.31 × 10−4 S/cm at 30 and 60 °C,
respectively. When the LLZO loading in the composite
electrolyte is further raised to 90 wt % LLZO, the ionic
conductivity drops to 1.6× 10−7 and 1.31× 10−6 S/cm at 30 and
60 °C, respectively. On the other hand, the ionic conductivity of
pure polymer electrolyte is 1.12 × 10−5 and 6.51 × 10−5 S/cm at
30 and 60 °C, respectively. Figure 3b clearly shows the ionic
conductivity trend at different ceramic loadings. A similar trend
in ionic conductivity was also observed in a previous work by
Zhang et al.39 Having established themaximum ion conductivity
at 80 wt % loading of LLZO, this composition was used in all
subsequent experiments.
Figure 3c shows the schematic representation of the proposed

Li-ion transport mechanism in the composite electrolytes at 30
wt % LLZO, 80 wt % LLZO, and 90 wt % LLZO loadings. At low
LLZO content, i.e., at less than 30 wt % LLZO loading, the Li-
ion transport is dominated by conduction through the polymer
phase. Two types of percolation thresholds are expected in the
high ceramic-loaded composite electrolytes, which are the long-
range connectivity of ceramic particles and the long-range
connectivity along the polymer−ceramic interfaces.40−42 As the
LLZO content is increased to 80 wt % LLZO, both types of
percolation seem to be enabled and the Li-ion transport occurs
via the LLZO ceramic and along polymer−ceramic interfaces.
The drop of the ionic conductivity at 90 wt % LLZO suggests

that there is no longer a sufficient amount of the polymer phase
to facilitate the Li-ion transfer between the particles, and that the
Li-ion transport through the ceramic particles becomes limited
by poor particle−particle contacts. Accordingly, the transport
along the polymer−ceramic interfaces is blocked because of the
substantially reduced amount of the polymer phase.
Reports on Li-ion transport in PEO-based polymer−ceramic

composite electrolytes suggest that the polymer−ceramic
interfaces are very resistive as a consequence of the reduced
Li-ion mobility and slow polymer segmental dynamics near the
surface of the ceramic particles.43−45 These poor polymer−
ceramic interfacial properties in PEO-based composites,
resulting in reduced ionic conductivity, are the main challenge
for PEO composites. Solid-state NMR is useful in studying the
Li-ion chemical environments and dynamics in solid-state
electrolytes and, for this reason, this technique was applied to
gain further insight into the Li-ion transport processes in the
composite electrolyte. Figure 4a,b displays the 1D 7Li MAS
NMR spectra for the PCL-PTMC composite electrolyte and a
reference PEO-based composite analogue, respectively. The
PEO composite was prepared with the same content of LLZO
(80 wt %) and LiTFSI (28 wt % with respect to the polymer) as
the PCL-PTMC counterpart and its ionic conductivity is 3.6 ×
10−6 S/cm at 30 °C. In both composite electrolytes, the LLZO
signal at 1.4 ppm is relatively broad and close to the polymer
electrolyte signal, making it difficult to resolve the individual
LLZO and polymer electrolyte spectral features. However, the
PCL-PTMC SPE and PEO SPE spectra show a narrow signal
corresponding to Li-ions in the polymer phase at −0.2 and −1.2
ppm, respectively. The Li-ions in the PCL-PTMC SPE are
deshielded due to the reduced electronic density around the Li-
ions, related to the weaker Li−O coordination in the PCL-
PTMC SPE compared to the PEO SPE.16,46 In PEO the Li-ions

Figure 4. (a) 1D 7LiMAS-NMR spectra of the pristine polymer electrolyte, LLZO electrolyte, and PCL-PTMC composite; (b) 7LiMAS-NMR spectra
of the neat polymer, neat LLZO, and PEO composite; (c) 7Li−7Li chemical exchange buildup curves fitted from the resulted off-diagonal signal
intensities recorded at 30 °C (black line) and 42 °C (red line) for the PCL-PTMC composite electrolyte; and (d) 7Li−7Li chemical exchange buildup
curves fitted from the resulted off-diagonal signal intensities recorded at 30 °C (black line) and 42 °C (red line) for the PEO composite electrolyte.
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are strongly coordinated to the ether oxygen atoms, while the
carbonyl oxygens in the polyester and polycarbonate polymers
result in a weaker cation coordination.16 These signals at −0.2
and −1.2 ppm remain unchanged in the corresponding
composites, suggesting that the Li−O coordination strength is
also unchanged. Furthermore, the homonuclear 7Li−7Li 2D
EXSYNMR spectroscopy was used to study the Li-ion transport
between the polymer and the LLZO phases in the composite
electrolytes. Figure S3 depicts the 7Li−7Li 2D EXSY NMR
spectra of the PCL-PTMC and PEO composites at 500 ms
mixing time. The amount of Li-ions exchanged was calculated by
dividing the integral values of off-diagonal signals at tmix = 500ms
by the intensity of the diagonal signals at tmix = 0 ms and tmix =
500 ms. The Li-ions exchanged between the polymer and LLZO
phases at 30 °C were about 25 and 15% in the PCL-PTMC and
PEO composites, respectively. Figure 4c,d shows the 7Li−7Li
chemical exchange buildup curves obtained from the off-
diagonal signal intensities recorded at different mixing times
(tmix = 100 μs, 1, 10, 100, 250, 500 ms) at 30 and 42 °C. The
fitted chemical exchange buildup curves were used to obtain the
rate constants for the Li-ion exchange process at 30 and 42 °C,
which were used for the calculation of the activation energy
using the two-point form of the Arrhenius equation. The
activation energy for this Li-ion exchange process is 0.22 and
0.54 eV for the PCL-PTMC composite and PEO composite,
respectively. The improved Li-ion transport between the
polymer and ceramic phases in the PCL-PTMC composite
compared to its PEO analogue is partly attributed to the better
Li-ion and polymer segmental dynamics in PCL-PTMC than in
PEO SPEs. This improved Li-ion exchange between the polymer
and ceramic phases exhibited by the PCL-PTMC-based
composite may be beneficial for the reduction of polymer−
ceramic interfacial resistance.
Another important benefit of employing the PCL-PTMC co-

polymer for ceramic−polymer composite electrolytes is their
high lithium-ion transference numbers compared to PEO-based
electrolytes.47 The PCL-PTMC−LiTFSI co-polymer electro-
lytes have been reported to have a cation transference number of
0.66 at 60 °C,29 which is remarkably high compared to the
transference numbers of≤0.2 for PEO-LiTFSI electrolytes even
at high temperatures (90 °C).48 The high transference number
in the PCL-PTMC−LiTFSI co-polymer electrolytes is mainly
due to weaker cation coordination compared to the PEO
electrolytes.16,46 The lithium-ion transference number (tLi+) of
the composite electrolyte was determined by a potentiostatic
polarization method and calculated using the Bruce−Vincent
method.49 Figure 5 shows the lithium-ion transference number
analysis of the composite electrolyte at 60 °C and the graph in
the inset presents the EIS spectra before and after polarization. A
transference number of 0.84 was obtained for the composite
electrolyte. The boost in the transference number for the
composite could be attributed to the presence of a single
lithium-ion conductor LLZO of tLi+ = 1 providing additional
pathways for the lithium-ion transport and possibly limiting the
salt anion (TFSI−) migration through the Lewis acid−base
interaction between the LLZO surfaces and TFSI− anions.50,51

3.3. Interfacial Properties and Electrochemical Stabil-
ity. Reducing the interfacial resistance between the solid-state
electrolyte and the electrodes is very important for the
electrochemical performance of all-solid-state batteries. Figure
6a displays a SEM image showing the interface between the
composite and a LiFePO4 cathode. The polymer electrolyte was
also used as a binder in the LFP cathode to form an integrated

morphology between the composite electrolyte and the cathode
itself, which is expected to substantially reduce the electrolyte−
cathode interfacial resistance, while also facilitating ion transport
within the cathode.52

The high interfacial resistance between the solid-state
electrolytes and Li-metal electrodes limits the cycling of solid-
state Li-ion batteries to low-current-density cycling. The Li-
metal is very reactive and a passivating layer forms between the
electrolytes and the Li-metal when they are in contact.53

Ceramic particles in polymer−ceramic composite electrolytes
have proved to be particularly effective in stabilizing the Li-
electrolyte interface.54−58 Figure 6b shows the area-specific
resistance (ASR) values of the composite and polymer
electrolyte measured in Li symmetric cells at 30, 40, and 60
°C. The composite electrolyte exhibits reduced impedance at
different temperatures compared to the polymer electrolyte. The
change in the interfacial resistance by the addition of ceramic
particles agrees with the findings by Keller and co-workers for a
70 wt % LLZO-P(EO)20LiClO4 composite electrolyte, which
showed a reduction in the interfacial resistance by a factor of two
compared to the pristine polymer electrolyte.59 Zagorski and co-
workers also showed a dramatic reduction of the Li-electrolyte
interfacial impedance even at low LLZO loadings for a 31 wt %
LLZO-P(EO)20LiTFSI composite.24 Such decrease in the
interfacial resistance was also observed by Eriksson et al. for
15 wt % of Al2O3 in PCL−30 wt % LiTFSI electrolytes.60 The
high interfacial resistance in the polymer electrolyte is due to the
passivation film formed by the reaction of the Li-metal with the
LiTFSI salt, decomposition of the co-polymer by the Li-metal,
or possibly by the reaction of the Li-metal with impurities such
as catalyst or monomer residues from polymerization or residual
water. The reduction of the interfacial impedance with the Li-
metal in the composite electrolyte is owing to the stability of
LLZO with Li-metal and the trapping of any impurities present
by the LLZO particles.59 A further increase in the temperature
results in improved interfacial contact and Li-ion transport
process across the Li/electrolyte interfaces, thus reducing the
impedance for both samples.
Lithium stripping and plating experiments were performed to

analyze the cycling stability of the composite electrolyte against
the lithium metal (Figure 6c). The galvanostatic lithium
stripping and plating measurements of the composite electrolyte
were carried out at room temperature by applying a current
density of 0.025 mA/cm2. The high polarization observed here
compared to that of the polymer electrolyte (Figure S4) is
mainly due to a larger thickness (1 mm vs 150 μm for the

Figure 5. Current vs time curve measurement of the Li/composite/Li
cell at 60 °C. Inset: EIS spectra before and after 10 mV polarization.
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polymer) of the composite electrolyte, which was indeed needed
for convenient handling of this type of electrolyte during cell
fabrication. The polarization evolved differently for composite
and polymer electrolytes; the polymer electrolyte displays
unstable cycling revealing unstable solid electrolyte interphase
(SEI) formation compared to the composite electrolyte. The
voltage changes during the initial cycles (see Figure 6c) originate
from a non-uniform Li-deposition and irreversible formation of
an SEI-like matter due to the reaction of the composite
electrolyte with the Li-metal.52,61,62 These processes cause a
dramatic increase in the internal resistance of the cell, thereby
increasing the overpotential in the initial cycles. After the initial
cycles, the subsequent chrono-potentiometric profiles are rather
consistent when a stable interface is formed,63,64 thus
demonstrating the stability of the composite electrolyte against
lithium metal electrodes.
The wide electrochemical stability window of solid-state

electrolytes compared to their liquid counterparts makes them
highly preferable for safe and stable lithium-ion batteries. Linear
sweep voltammetry (LSV) was used here to evaluate the
electrochemical stability of the composite and polymer
electrolytes between 3 and 6 V vs Li+/Li with a sweep rate of
0.1 mV/s (Figure 6d). The polymer electrolyte exhibits an
oxidative decomposition starting from ca. 4.2 V vs Li+/Li until
ca. 6.0 V vs Li+/Li, whereas the composite electrolyte exhibits a
delayed decomposition above 5.4 V vs Li+/Li. The improved
electrochemical stability of the composite electrolyte is
attributed to the addition of the LLZO garnet, which is stable
above 5 V vs Li+/Li.65−67 A cyclic voltammogram (CV) of the
LLZO powders is also shown in Figure S5 and suggests the
electrochemical stability of LLZO particles up to 6 V vs Li+/Li.
3.4. Galvanostatic Charge−Discharge Cycling. To

explore the application of this composite electrolyte, all-solid-

state lithium batteries were fabricated by including a Li-metal
foil as the anode and a composite LiFePO4 cathode. The
LiFePO4 cathode contained the polymer electrolyte as binder
and a schematic illustration of the cell design is shown separately
in Figure S6. Figure 7a shows the galvanostatic charge−
discharge curves of a Li/composite electrolyte/LFP cell cycled
between 2.5 and 4.3 V vs Li+/Li at 0.1C at room temperature
(RT) to provide the performance of these composite electro-
lytes at the typical cycling conditions of batteries. Figure 7b
indicates that this type of cell exhibits improved capacity
compared to similar Li/polymer electrolyte/LFP cells and their
cycling performance is compared and displayed in Figure 7c.
The discharge capacity of the Li/composite electrolyte/LFP cell
increases after interfacial conditioning, reaching about 100
mAh/g after 10 cycles. However, the discharge capacity and the
cycling performance of the Li/composite electrolyte/LFP cell is
enhanced when cycling at 55 °C and 0.02C. The cycling
performance of this cell at 55 °C and 0.02C shown in Figure 7d,e
enables the comparison of the performance of this composite
electrolyte with the performances of the polycarbonate-based
SPEs previously reported in literature.29,30,33 The cell yields an
initial discharge capacity of 139 mAh/g with a capacity retention
of 83% after 40 cycles. The Coulombic efficiency is 93% during
the initial cycle and stabilizes around 98% during subsequent
cycling up to 40 cycles.
To explore the capacity reduction of the cells, the EIS spectra

of the Li/composite electrolyte/LFP cell before and after cycling
at 55 °C are displayed in Figure 7f. The Nyquist plots were fitted
with the equivalent circuit reported in Figure S7. Figure 7f shows
the changes in the EIS spectra after cycling, especially in the Li-
ion diffusion region of the spectra. The deviation of the
spectrum in the low-frequency region after cycling is likely
attributed to SEI formation and/or the cathode electrolyte

Figure 6. (a) Cross-sectional SEM image of the composite electrolyte−cathode interface, in which the scale bar corresponds to 20 μm and the dotted
line helps in spotting the interface, (b) area-specific resistance (ASR) vs temperature for Li/electrolyte/Li cells for the polymer, LLZO, and composite
electrolytes, (c) galvanostatic lithium stripping and plating measurement at 0.025 mA/cm2 and 30 °C for the composite electrolyte, and (d) LSV
measurements at 0.1 mV/s at room temperature for the composite and polymer electrolytes.
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interphase (CEI). This may account for the reduced cycling
performance observed upon repeated cycling. Overall, these
results indicate promising electrochemical performance for this
composite electrolyte when used in an all-solid-state lithium-ion
battery.

4. CONCLUSIONS

A PCL-PTMC co-polymer was successfully used in the
preparation of polymer-in-ceramic composite electrolytes. The
composite electrolyte with 80 wt % LLZO ceramics exhibited a
maximum ionic conductivity of 1.4× 10−5 and 1.31× 10−4 S/cm
at 30 and 60 °C, respectively, and a high transference number of
0.82 at 60 °C. Solid-state NMR suggested better Li-ion transport
dynamics for the 7Li−7Li exchange between the polymer
electrolyte phase and the LLZO phase in the PCL-PTMC
composite when compared to an analogous PEO-based
composite. This indicates that the LLZO particles actively
take part in ion transport. The composite exhibited electro-
chemical stability up to 5.4 V vs Li+/Li and improved lithium
electrode−electrolyte interfacial stability. The presence of the

polymer electrolyte in the LFP cathode ensured a good contact
between the cathode and the composite electrolyte. These
attributes allowed good cycling performance of the composite
electrolyte at 55 °C in Li/composite/LFP cells. Therefore, this
work suggests polyester−polycarbonate-based polymers as a
promising alternative polymer matrix for polymer-in-ceramic
composite electrolytes for all-solid-state lithium batteries.
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