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Factors controlling the performance of lithium-
metal solid-state batteries with polyethylene
oxide-based composite polymer electrolytes

Bapi Bera, Douglas S. Aaron and Matthew M. Mench *

Solid composite polymer electrolytes (CPEs) have emerged as a promising option due to their excellent

ionic conductivity, mechanical flexibility, and compatibility with Li metal electrodes. In this study,

polyethylene oxide (PEO) was selected as the base polymer, and a composite was formed with LLZTO

and oxygen-vacancy LLZTO (OV-LLZTO) as an active ceramic filler. The surface defects in OV-LLZTO

enhance its bonding with the PEO chains, leading to improved interfacial resistance, enhanced

mechanical stability, prevention of PEO crystallization, mitigation of LLZTO nanoparticle agglomeration,

and improved Li+ ion conductivity. The removal of oxygen atoms from the LLZTO crystal results in

lattice contraction, which strengthens the interaction between the LLZTO and PEO polymer chains,

thereby reducing interfacial resistance and improving lithium-ion conductivity. In solid-state battery

performance, the ionic conductivity and transference number of the solid electrolyte are crucial, along

with thermal, mechanical, and electrochemical stability. While pristine PEO electrolytes exhibit higher

conductivity than composites, they have a lower transference number and inferior stability compared to

the composite electrolytes. As the temperature increases, the transference number of the polymer

electrolyte increases due to increased ion mobility; however, with aging it decreases due to the

formation of a passivation layer. A solid-state full cell employing the PEO/OV-LLZTO electrolyte was

used to demonstrate high-rate capability (10C rate) and excellent capacity retention at 60 1C with a

cathode areal loading of B0.2 mAh cm�2, underscoring its potential for high-performance battery

applications.

1. Introduction

The energy density of modern Li-ion batteries has reached a
limit of approximately 300 Wh kg�1.1–3 One of the most
straightforward approaches to enhance energy density is by
replacing the conventional graphite anode with lithium metal.4

However, lithium metal anodes suffer from challenges related
to uneven plating and stripping, which contribute to capacity
loss and the formation of dendrites. These dendrites can
penetrate the separator, leading to internal short circuits and
potential thermal runaway, especially since the conventional
liquid electrolytes used in Li-ion batteries are highly
flammable.5–8 Solid-state batteries (SSBs) hold great promise
for next-generation energy storage systems due to their
potential to address safety concerns, increase energy density,
and enable the use of high-energy electrode materials such as
lithium (Li) metal.9 Additionally, SSBs exhibit greater mechan-
ical stability and can mitigate dendritic growth.5 Furthermore,

solid electrolytes show much higher thermal stability and have
high durability, making the solid-state battery one of the best
choices for the next generation of energy storage devices.

Researchers have been developing three major types
of solid-state electrolytes for SSBs. The first one is solid
ceramic-based electrolytes, which are mainly inorganic oxides
(La3Li7O12Zr2 (LLZO), Li6.4La3Zr1.4Ta0.6O12 (LLZTO), etc.), sul-
fides (Li10GeP2S12 (LGPS)), phosphides, or halides.10–12 This
class has very good conductivity, as well as mechanical and
thermal stability, but very high interfacial resistance and is
difficult to manufacture.12 The second type is based on organic
polymers (e.g. polyethylene oxide (PEO), polyvinylidene fluoride
(PVDF), polyacrylonitrile (PAN), poly(methyl methacrylate)
(PMMA), etc.), which has very low interfacial resistance but
tends to be electrochemically unstable.13 Thirdly, composite
polymer electrolytes (CPEs) are composites with soft base
polymers and active ceramic fillers.14–17 Among the various
types of solid-state electrolytes, CPEs have emerged as a pro-
mising option owing to their excellent ionic conductivity,
mechanical flexibility, and compatibility with Li metal
electrodes.18–24 Polyethylene oxide (PEO) polymer electrolytes
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have very good interfacial contact with electrodes due to their
flexibility.25 However, PEO is chemically and electrochemically
unstable; a common solution is found in composite separators
with solid ceramic additions. Such additions have been shown to
enhance stability and conductivity and to improve physical
properties.26–32 Fu et al. reinforced surface defects on the LLZTO
filler and prepared a composite electrolyte with PEO, which
showed enhanced battery performance and high-rate capability.5

The surface defects act as sites for PEO chains to attach, creating a
strong polymer–ceramic interface. This bonding helps keep
LLZTO particles well-dispersed, reduces PEO crystallization, and
results in a uniform electrolyte with better strength, lower inter-
facial resistance, and higher Li+ conductivity.

In this study, we investigate the factors influencing the
performance of Li metal solid-state batteries utilizing compo-
site polymer electrolytes. Our research focuses on elucidating
key parameters that affect the electrochemical behavior and
stability of these systems, aiming to enhance their overall
performance and longevity. We explored PEO polymer and
LLZTO ceramic fillers to enhance the electrolyte’s mechanical
strength, Li-ion conductivity, and interfacial stability with Li
metal electrodes at 60 1C. As the conductivity and transference
numbers are very low below 60 1C, all the experiments were
carried at 60 1C, except the conductivity measurement (30 1C to
90 1C). The composite polymer electrolyte demonstrates better
stability and high-rate capability compared to the baseline PEO
membrane. Through this characterization study, insights into
the design principles and optimization strategies for Li metal
solid-state batteries employing CPEs are gained. Through sys-
tematic characterization techniques such as scanning electron
microscopy (SEM), electrochemical impedance spectroscopy
(EIS), and X-ray diffraction (XRD), insights into the microstruc-
ture and ion transport properties of the CPE are also gained.

2. Materials and methods
2.1 Materials

Poly(ethylene oxide) (PEO, MW 600k) and acetonitrile solvent
were purchased from Sigma-Aldrich. Lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI), tantalum-doped LLZO powder

(Li6.4La3Zr1.4Ta0.6O12; particle size o 325 mesh, D50 E 5 mm),
15 mm diameter Li-metal foil (0.5 mm thick), conductive
carbon (Super Ps), and polyvinylidene fluoride (PVDF) were
purchased from MSE Supplies, USA. Lithium nickel–manga-
nese–cobalt dioxide (NMC811) and lithium iron phosphate
(LFP) cathode materials were purchased from MTI Corpor-
ation, USA.

The cathode (both LFP and NMC811) composition was
70 wt% active material with 10 wt% Super Ps mixed with
20 wt% solid electrolyte binder (PEO and LiTSFI in acetonitrile
solvent, 3 : 1 weight ratio), coated on an Al foil. The cathode was
also cast without the solid electrolyte in the composition for
comparison, establishing a baseline of PEO and LiTFSI. For
this, the LFP cathode was prepared using 10 wt% PVDF binder
and 80 wt% active material with 10 wt% Super P mixed with
N-methyl-2-pyrrolidone (NMP) solvent and coated on an Al foil.
The cathode areal loading was B0.2 mAh cm�2.

2.2 Solid electrolyte synthesis

Oxygen vacancy LLZTO (OV-LLZTO) was synthesized via a
custom thermal reduction method adapted from Fu et al.5

Pristine LLZTO nanoparticles were heat-treated at 450 1C in a
tube furnace for 10 h in a 5% H2/argon atmosphere. The
schematic of the synthesis procedure is shown in Fig. 1. The
prepared OV-LLZTO was then transferred inside a glove box
(Ar-gas filled).

2.3 Composite polymer electrolytes (CPEs) preparation

Composite polymer electrolytes (CPEs) were prepared at an
EO : Li ratio of B12 with 32 wt% active filler. Specifically,
150 mg of LiTFSI, 270 mg of PEO (MW = 600 000) and 200 mg
of LLZTO/OV-LLZTO were mixed in 6 ml of acetonitrile solvent
for 24 h at 70 1C in a magnetic stirrer hot plate inside a glove
box. Then the homogeneous mixture was poured in a TeflonTM

Petri dish for 24 h at room temperature for drying in the
antechamber of a glove box (O2 o 0.1 ppm, H2O o 0.1 ppm).
A control separator did not have an active filler added to the
PEO. After drying, the solid electrolyte was cut into 16 mm
diameter discs, and for conductivity calculations an area of

Fig. 1 Schematic of the synthesis procedure of OV-LLZTO.
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1.7 cm2 was used as the Li foil had a 15 mm diameter. The solid
electrolyte thickness was in the B90–110 mm range.

2.4 Physical characterization

The X-ray diffraction (XRD) patterns of the samples were
obtained using a Panalytical Empyrean X-ray diffractometer
(30 mA, 40 kV) with Cu Ka radiation (l = 1.5406 Å). Data were
collected over a 2y range of 101 to 801 at a scanning speed of 101
min�1 with a step size of 0.011. The surface morphology of PEO
and composite PEO samples was characterized by high resolu-
tion scanning electron microscopy (SEM) on a Zeiss EVO
instrument at 20 kV acceleration voltage and elemental analysis
was carried out using energy dispersive X-ray spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS) for LLZTO
and OV-LLZTO nanoparticles at the Institute for Advanced
Materials and Manufacturing (IAMM, Knoxville, TN). Transmis-
sion electron microscopy (TEM) was carried out on a JEOL 1400
to analyze the LLZTO nanoparticle size before and after heat
treatment at the Science and Engineering Research Facility
(SERF, UTK). Thermal gravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) were carried out using TA
instruments Q-50 TGA and Q-2000 DSC, respectively. Stress
and strain curves were measured using an Instron universal
testing machine at a stretching speed of 0.1 mm min�1 at room
temperature.

2.5 Electrochemical characterization

All-solid-state full-cell batteries were assembled using LiFePO4

(LFP) or NMC 811 as the cathode material and lithium metal
foil as the anode. The LFP-based cells were cycled between 2.5
and 4.0 V, while NMC 811 cells operated within a voltage range
of 2.8–4.2 V (vs. Li/Li+) at 60 1C, utilizing a Biologic BCS 815
cycler. Ex situ ionic conductivity was measured through electro-
chemical impedance spectroscopy (EIS) over a frequency range
of 200 kHz to 0.1 Hz at temperatures ranging from 30 to 90 1C
using a Biologic SP-150 instrument. The electrolyte was sand-
wiched between two stainless steel spacers for this measure-
ment. The stability of the electrolyte against the lithium anode
was assessed through galvanostatic cycling of Li–Li symmetric
cells at different current densities. The measurements were
conducted at 60 1C using a Biologic SP-150 instrument. The
transference number indicates Li-ion conductivity through the
solid separator and is an important indicator of the efficiency
of the solid separator. The transference number was measured
by chronoamperometry and EIS in the Li–Li symmetric cell. All
the electrochemical measurement was carried in a coin cell
CR2032 configuration. First, EIS was performed, and interfacial
resistance was measured using equivalent circuit model fitting.
Then, a 10 mV potential was applied to the symmetric cell for
1 h, followed by a second EIS measurement. The transference
number was computed according to eqn (1):33–35

tþ ¼ ISS DV � I0R0ð Þ
I0 DV � ISSRSSð Þ (1)

where I0 and ISS are the initial and steady state currents during
the chronoamperometric experiment, DV is the polarization

potential (10 mV), and R0 and RSS are the initial and steady state
resistances collected by EIS. The transference number ranges
between 0 and 1, with higher values indicating better lithium-
ion transport and, consequently, improved performance. In Li-
ion batteries, the transference number is generally higher
compared to solid-state batteries (SSBs) due to more efficient
lithium-ion diffusion in liquid electrolytes than in solid-state
materials.

3. Results and discussion

LLZTO nanoparticles were heat-treated in an H2 atmosphere to
create oxygen atom vacancies in the lattice structure.5 After
reduction, white LLZTO becomes grayish in color. Removal of
oxygen atoms causes a slight lattice contraction, which is
reflected in both the XRD pattern and the binding-energy shifts
observed in the XPS results. This observation ensures that
oxygen vacancies are created in LLZTO nanoparticles.

Fig. 2(a) and (b) shows the TEM images of LLZTO nano-
particles and oxygen vacancy LLZTO (OV-LLZTO). From the
TEM image, it was clear that there is no change in morphology,
but the particle size reduces after H2 reduction at high tem-
perature. This may be due to the removal of oxygen atoms from
the lattice, which reduces surface energy and induces lattice
stress, promoting surface reconstruction or fragmentation of
larger grains into smaller ones to minimize the total energy.
Fig. 2(c) and (d) shows the SEM images of PEO and PEO/OV-
LLZTO. The smooth surface of the electrolyte reduces the
interfacial resistance of composite separators. Furthermore,
the EDX spectra of PEO/OV-LLZTO shows uniform distribution
of LLZTO nanoparticles in the PEO polymer matrix.

Fig. 3(a) shows the in situ high-temperature XRD pattern of
PEO polymer electrolyte. At room temperature, PEO shows two
crystallinity peaks at 2y values of 18.5 and 23 degrees, corres-
ponding to (120) and (112)/(032) planes, respectively.36–38 Once
the temperature reached 50 1C, the crystallinity of PEO van-
ished, and the film became amorphous. This amorphous state
is better for Li-ion conductivity through the electrolyte. The
XRD patterns of LLZTO and OV-LLZTO are shown in Fig. 3(b).
The peak position of OV-LLZTO shifted to higher 2(y) values
due to lattice contraction as oxygen atoms exited the crystal
structure. The XRD patterns of the PEO polymer and composite
electrolyte are shown in the SI (see Fig. S1). Results show that
the crystallinity of LLZTO nanoparticles remains unchanged
after composite formation with the PEO polymer. XPS measure-
ments of LLZTO and oxygen-vacancy LLZTO nanoparticles were
carried out and the results are shown in Fig. S2. The XPS results
clearly show a significant binding energy shift after the intro-
duction of oxygen vacancies in the LLZTO lattice.5 The binding
energy of O 1s becomes much lower after oxygen atom removal
from the LLZTO lattice. Removal of oxygen creates oxygen
vacancies, which act as electron donors in the lattice. The
nearby metal cations (like Zr4+, Ta5+, and La3+) become slightly
more reduced (lower oxidation state). This increases the elec-
tron density around neighboring oxygen atoms. As a result, the
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O 1s electrons are less tightly bound, so the binding energy
decreases. Oxygen removal weakens the average M–O bond
strength in the LLZTO lattice, which facilitates stronger bond-
ing with oxygen atoms from PEO molecules, thereby reducing
the interfacial resistance.

Fig. 3(c) shows the TGA profile of the PEO composite solid
electrolyte. All the electrolytes are thermally stable up to 380 1C,
but there is a small weight loss for PEO electrolyte at 100 1C.
Due to the active filler in the composite electrolyte, the
weight loss stops around 40%.39 The DSC results of solid
electrolyte (Fig. 3(d)) show the melting temperature of electro-
lytes decreasing after composite formation. The melting tem-
perature is 51.2 1C for PEO, 48.6 1C for PEO/LLZTO, and 43.6 1C
for PEO/OV-LLZTO.40 After adding the active filler to the PEO
membrane, the mechanical strength increases as shown in Fig.
S3.41

Both conductivity and the transference number are crucial
for the performance of solid-state batteries. However, the

transference number holds greater significance than conduc-
tivity, as it specifically represents the fraction of current carried
by Li+ ions, whereas conductivity accounts for the current
carried by all ions. Both parameters are highly temperature-
dependent and tend to increase with increasing temperature.
As a case study, the transference number of a PEO separator
was measured at various temperatures to evaluate its
performance.

Fig. 4(a) shows the Arrhenius plots of the measured s
against 1/T for membranes with three different solid electro-
lytes. As the temperature increases, conductivity increases due
to the increase in the mobility of PEO chains, which enhances
ion conduction.42 At 60 1C, PEO shows higher conductivity than
composite electrolytes. The conductivity of the solid electrolyte
at 60 1C is shown in Table 1 and PEO has a conductivity of 0.52
mS cm�1. Although the conductivity of PEO is higher compared
to the composite, the full-cell performance was not optimal due
to high voltage and current instability. Chronoamperometric

Fig. 2 TEM images of LLZTO (b) and OV-LLZTO (b). SEM images of (c) PEO and (d) PEO/OV-LLZTO. Bottom: EDX results of PEO/OV-LLZTO.
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experiments of symmetric cells using different solid electrolytes
at 10 mV polarization are shown in Fig. 4(b); all initially
exhibited high current that stabilized within 750 s. PEO-
LLZTO shows reduced current due to high resistance compared
to PEO and PEO/OV-LLZTO. The resistance values from EIS
measurements before and after polarization, as well as the
steady state chronoamperometric current, are substituted in
eqn (1) to obtain the transference number. Table 1 shows that
PEO/OV-LLZTO has the highest transference number of B0.31.
Critical current was measured for all three solid electrolytes
and is shown in Fig. S4. Critical current values are tabulated in
Table 1 and for PEO/OV-LLZTO it was 0.8 mA.

Fig. 4(c) shows that the transference number increases with
temperature for PEO solid electrolyte. As the temperature
increases, the mobility of PEO chain molecules increases, and
hence the transference number increases along with Li+ ion
conductivity. Transference numbers tend to decrease with
aging due to passivation layer formation at each of the electro-
des, as shown in Fig. 4(d).

Galvanostatic cycling of PEO/OV-LLZTO at �0.12 mA cm�2

current density is shown in Fig. 5(a). It shows constant voltage
polarization with time for B170 h. A lack of overpotential

increase with cycling shows membrane stability in the electro-
chemical environment. Cycling was carried out until the cell
short-circuited. The voltage interruption observed in Fig. 5(a)
occurs because, during galvanostatic cycling at constant cur-
rent, the experiment was paused after every 24 h of measure-
ment. Chronoamperometry and electrochemical impedance
spectroscopy (EIS) were then performed to evaluate the trans-
ference number and the evolution of charge-transfer resistance
with aging. High frequency resistance (HFR) and charge-
transfer resistance were measured from the EIS measurement,
and the corresponding Nyquist plot is shown in Fig. S5.
Initially, HFR decreased with cycling and then stabilized with
time (see Fig. 5(b)). Charge-transfer resistance also decreases
with time as shown in Fig. 5(c), which may be due to lithium
plating on each of the electrodes, and with cycling the interface
between the electrode and electrolyte gradually improves.43

Though both HFR and charge transfer resistance decrease
during cycling, overall cell polarization voltage does not reduce
much as the transference number decreases with cycling (see
Fig. 5(d)).

After full cell assembly with Li foil as the anode and LFP as
the cathode, EIS was measured with three different solid

Fig. 3 (a) In situ temperature XRD pattern of PEO electrolyte. (b) XRD patterns of LLZTO and OV-LLZTO nanoparticles. (c) TGA profiles of the solid
electrolyte. (d) DSC curves and the corresponding melting temperatures.
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electrolytes and is shown in Fig. 6. EIS data were fitted with an
equivalent circuit model (R1 + Q2/R2 + Q3), and HFR and
charge-transfer resistance were measured. Both HFR and
charge-transfer resistance increased when LLZTO nanoparticles
were added in the PEO membrane (see Table 2). LLZTO
nanoparticles increased the interfacial resistance and bad
compatibility with both electrodes. When LLZTO reduces in
an H2 atmosphere and creates oxygen vacancies, it improves
binding with PEO molecules, improving compatibility with
solid electrolyte, enabling lower interfacial resistance and HFR.

Solid-state full cells were assembled with LFP and NMC811
cathodes and Li foil as the anode at 60 1C to evaluate the cell
performance of the three solid electrolytes. Fig. 7(a) shows the
charge–discharge profiles with different C rates from 0.25C to

10C for the PEO/OV-LLZTO solid separator using the LFP
cathode. After 1C charge–discharge, the cell was cycled with
1C charge and a varying C rate discharge. The discharge
capacity was relatively stable up to 3C discharge (decreasing
from 160 mAh g�1 at 0.25C to 105 mAh g�1 at 3C). However, the
increased discharge C rate to 5C and 10C led to larger losses in
capacity. The rate capability of PEO/OV-LLZTO electrolyte
under different C rates is plotted against the cycle number in
Fig. 7(b). The full cell was cycled 210 times at different C rates.
The first 50 cycles at a 0.25C rate established a nominal
capacity of B160 mAh g�1; then, as the C rate increases, the
capacity decreases. After the 1C charge–10C discharge step, the
cell was again cycled at a 0.25C rate; the capacity returned to
B150 mAh g�1 but decayed relatively rapidly. This could be
attributed to several factors arising during cycling at high C rate
discharge, like lithium plating, electrode and electrolyte degra-
dation, interfacial instability, etc.44

Similarly, full cells were assembled with the LFP cathode
and the Li anode with PEO electrolyte and PEO/LLZTO electro-
lyte; the cycling performance of this cell is shown in Fig. S6 and
S7 of the SI. The PEO separator shows a very low polarization
voltage during charge–discharge tests, as well as comparable
capacity at low C rates (0.25C), but does not cycle at high C rates

Fig. 4 (a) Arrhenius plots depicting the behavior of various electrolytes at different temperatures. (b) Current measurement with time at 10 mV
polarization. Transference number with temperature (c) and aging (d).

Table 1 Summary of the beginning of life conductivity, transference
number and critical current values for solid composite electrolytes at 60 1C

Electrolyte
Conductivity
(mS cm�1)

Transference
number

Critical
current (mA)

PEO 0.52 0.23 0.5
PEO/LLZTO 0.23 0.21 0.7
PEO/OV-LLZTO 0.20 0.31 0.8
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above 0.5C. The initial cycling of the PEO/LFP cell shows a
specific capacity of approximately 160 mAh g�1 at 0.25C and
about 150 mAh g�1 at 0.5C. After 100 cycles, the capacity

remains at 139 mAh g�1 at 0.25C, corresponding to a capacity
retention of 87%. The PEO/LLZTO composite exhibits good rate
capability but relatively low capacity, even at low C-rates. In
contrast, the initial cycling of the PEO/LLZTO/LFP cell delivers
a specific capacity of around 140 mAh g�1 at 0.25C. In all tests,
PEO/LLZTO showed lower capacity during charge–discharge
compared to PEO and PEO/OV-LLZTO electrolytes. EIS mea-
surements were performed before and after cycling for each
solid electrolyte, as shown in Fig. S8, and the corresponding
results are summarized in Table ST1. The rate performance of
the full cell using the NMC 811 cathode and PEO/OV-LLZTO
electrolyte is shown in Fig. S9. The cell was cycled between 4.2 V
and 2.8 V at different C rates. With cycling, the capacity decayed
rapidly as the cell was operated at a high voltage, causing the
PEO polymer electrolyte to decompose.

Fig. 5 (a) Galvanostatic cycling curves under 0.12 mA cm�2; (b) HFR, (c) RCT, and (d) transference number changes with cycling of PEO/OV-LLZTO
electrolyte.

Fig. 6 EIS of all-solid-state LFP batteries with (a) PEO, (b) PEO/LLZTO and
(c) PEO/OV-LLZTO after cell assembly.

Table 2 Resistances of the composite polymers after cell assembly at
OCV

Samples HFR (O) Charge-transfer resistance (O)

PEO 13.5 109.8
PEO/LLZTO 23.8 115.2
PEO/OV-LLZTO 20.0 59.21

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
2:

04
:2

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00278h


Energy Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 8(a) shows the cyclic voltammograms (CVs) of the LFP
cathode in three different electrolytes. The oxidation and
reduction peaks of LFP are approximately symmetrical, indicat-
ing good reversibility of Li+ extraction/insertion.45 Peak-to-peak
voltage separation for PEO (DV = 0.28 V) electrolyte is smaller
than that for PEO/LLZTO (DV = 0.37 V) and PEO/OV-LLZTO
(DV = 0.31 V) owing lower polarization and better reversibility.45

Higher current for PEO electrolyte indicates better kinetics. Due
to the better compatibility of PEO with solid electrode materi-
als, Li+ transport is very facile at the electrode–electrolyte
interface, thus resulting in enhanced kinetics. But PEO is also
unstable during charge–discharge cycling and at high voltage
(44.0 V).

EIS was conducted before and after CV, as shown in
Fig. 8(b). There is an increase in charge-transfer resistance
after cycling for all solid electrolytes due to passive layer
formation at both the cathode and anode. When LLZTO cera-
mic is prepared as a composite with PEO, the interfacial
resistance and charge transfer resistance increase; but both
resistances decrease when OV-LLZTO was mixed with PEO

polymer to prepare composite electrolyte. The CVs of the
NMC 811 cathode in different solid electrolytes give distinct
redox peaks appearing at different potential windows as shown
in Fig. S10. These peaks emerged during the charging process
due to multiple phase transitions, including hexagonal to
monoclinic (H1- M), monoclinic to hexagonal (M- H2),
and hexagonal to hexagonal (H2 - H3) transformations.46–48

The oxidation current peak potentials corresponding to the
hexagonal-to-monoclinic (H1- M) phase transition were
observed at 3.84 V for PEO, 3.86 V for PEO/LLZTO, and 3.83 V
for PEO/OV-LLZTO electrolytes.47 These CV results indicate that
the PEO/OV-LLZTO electrolyte reduces overpotential compared
to PEO and PEO/LLZTO.

To understand the effect of solid electrolyte incorporation
into cathode materials, an LFP cathode was prepared without
adding a solid electrolyte. A full cell consisting of the LFP
cathode (without solid polymer electrolyte) and a lithium metal
anode was cycled at a 0.2C rate for 100 cycles at 60 1C, as shown
in Fig. S11. Initially, the capacity was low, but it increased with
cycling, indicating that the presence of a solid electrolyte in the

Fig. 7 (a) Rate performance of all-solid-state LFP battery with PEO/OV-LLZTO under different C-rates and (b) the corresponding capacity with the cycle
number.

Fig. 8 Cyclic voltammograms of LFP (a) in three different solid electrolytes. EIS curves of the LFP cathode before and after cycling (b).
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cathode is essential for improved performance during initial
cycling.

4. Conclusions

In summary, a composite solid electrolyte (PEO/OV-LLZTO) for
solid-state batteries was prepared and evaluated. A full cell
made with Li metal as the anode and an LFP cathode with
composite electrolyte shows good capacity and rate capability
(up to 10C rate) at 60 1C. The performance of solid-state
batteries is influenced not only by the ionic conductivity of
the electrolyte but also by the transference number, which plays
a crucial role in determining the efficiency of lithium-ion
transport. While PEO electrolytes exhibit higher conductivity
compared to composite electrolytes, they demonstrate a lower
transference number, which may limit overall battery perfor-
mance. However, as the temperature increases, the transfer-
ence number of polymer electrolytes improves due to enhanced
ion mobility, though aging can lead to a decline in performance
due to passivation layer formation.

Achieving low interfacial resistance between the solid elec-
trolyte and electrode materials is key to ensuring stability and
enhancing battery performance. Incorporating polymers into
the cathode material’s composition has been found to reduce
this interfacial resistance. The removal of oxygen atoms in
LLZTO leads to lattice contraction, as observed through
XRD and TEM analyses. This lattice contraction facilitates
stronger bonding between LLZTO and the PEO polymer chains,
reducing interfacial resistance and improving lithium-ion con-
ductivity. Therefore, optimizing the electrolyte’s transference
number, managing interfacial resistance, and fine-tuning
material compositions are essential to advancing solid-state
battery technology.

Improving the ionic conductivity of solid electrolytes
remains critical for practical lithium-metal solid-state batteries,
especially at room temperature. Future efforts should focus on
optimizing polymer–ceramic interfaces, introducing controlled
defects, and refining composite structures to enhance Li+

transport and long-term stability.
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