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Enabling the lithium metal anode has been the holy grail for improving the energy density for the next

generation advanced batteries. Developing electrolytes that will suppress Li dendrite growth and provide

sufficient ionic conductivity remains a major challenge in this field. In this study, we develop a polymer–

ceramic composite electrolyte for lithium metal batteries. The polymer matrix is a vinyl ethylene

carbonate (VEC) based single-ion-conducting polymer electrolyte. The ceramic filler is

a Li7La3Zr0.5Nb0.5Ta0.5Hf0.5O12 high-entropy Li-garnet (HE Li-garnet) ceramic, which is less prone to

surface Li2CO3 formation compared to Al-doped Li garnets. The addition of HE Li-garnet leads to a 7-

fold increase in the ionic conductivity (8.6 × 10−5 S cm−1 at 30 °C) compared to the pure polymer, while

maintaining a high Li+ transference of 0.73. Proton nuclear magnetic resonance and thermogravimetric

analysis results suggest that the addition of HE Li-garnet results in a lower degree of polymerization of

VEC, leaving more unpolymerized VEC monomers in the matrix, serving as the governing mechanism for

conductivity enhancement. The favorable interactions between HE Li-garnet particles and the polymer

matrix lead to a stable and well-mixed composite with 2-fold enhancement of storage modulus at 40 °

C. The simultaneous ion transport and mechanical property enhancement significantly improves the

composite electrolyte's dendrite resistance and cycle life in Li symmetric cells. This work highlights the

positive role HE Li-garnet can play in improving polymer electrolytes to enable lithium metal anodes.
Introduction

Single-ion-conducting polymers (SICs) with anions covalently
attached to the polymer chains have emerged as promising
electrolyte candidates.1–3 Unlike traditional polymer electrolytes
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with dissolved salts, SICs exhibit lithium-ion (Li+) transference
numbers approaching unity, meaning they predominantly
facilitate the transport of Li+ while effectively suppressing anion
mobility.1,3–9 Accordingly, they greatly decrease concentration
polarization during electrochemical cycling and thereby
enhancing maximum current density as well as promoting
homogeneous Li plating and stripping.10–13 Nevertheless, SICs
struggle to reach room temperature ionic conductivity compa-
rable to that of liquid electrolytes (>10−3 S cm−1), mainly due to
low Li+ mobility.3

The ionic conductivity of SICs may be enhanced through the
incorporation of lithium-ion conductive ceramic llers. This
approach is based on the synergistic combination of ceramics
and polymers, utilizing the high Li+ conductivity of ceramics
and the mechanical and adhesive properties of polymers, to
produce polymer-ceramic composite electrolytes with enhanced
ionic conductivity, improved electrochemical stability, and
adhesion to electrodes. Considerable research has focused on
employing various ceramic llers, such as LISICON-like
(lithium superionic conductors), NASICON-like (sodium supe-
rionic conductors), argyrodites, garnets, and perovskites in
these composites.14–28 Among the different types of ionically
J. Mater. Chem. A, 2025, 13, 24511–24521 | 24511
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conductive inorganic llers, the Li+ conducting garnet (e.g.,
Li7La3Zr2O12, LLZO) is a promising ceramic electrolyte, with
high ionic conductivity, wide electrochemical window, and
relatively good stability against Li metal.29–34 Many studies focus
on the crystal chemistry of LLZO-based inorganics, studying the
effect of iso- or aliovalent substitution in the crystal to achieve
higher conductivity. Particularly, high-entropy (HE) Li garnets,
which involve multiple equal or close molar ratio cations on the
same site, can fundamentally reduce the Li ion migration
energy barrier, alter the crystal structures (e.g., Li ion occupancy
in Li-garnet), and consequently boost the ionic conductivity.35–38

In a polymer-ceramic composite electrolyte, the ion con-
ducting mechanism is highly dependent on the interactions
between the polymer and the ceramic.21,39 Active ceramic llers
may enhance the ionic conductivity by the following proposed
mechanisms: (1) fast Li-ion dissociation along the polymer-
ceramic interface and (2) through the highly ionically conduc-
tive ceramics themselves. Zhang et al. utilized 6Li/7Li magic
angle spinning nuclear magnetic resonance (MAS-NMR) spec-
troscopy to investigate the local environments of Li ions and
their contributions to forming Li-ion transport pathways in
poly(ethylene oxide) (PEO)-LiClO4-LLZO composites containing
tetraethylene glycol dimethyl ether (TEGDME) plasticizer.40

They observed that at 5 wt% TEGDME, Li-ion transport
predominantly occurs through the LLZO phase, similar to the
one without TEGDME. However, with 20 wt% TEGDME, Li ions
mainly conduct through TEGDME associated phases (decom-
posed LLZO and LiClO4 in PEO/TEGDME complex), not the
LLZO phase. In a previous study of our own,41,42 we developed
a composite by incorporating Li perovskite nanorods into an
SIC polymer. Our results showed that the enhancement in the
composite's ionic conductivity was due to the formation of
a percolated interfacial polymer layer around the perovskite
nanorods with enhanced Li+ mobility and estimated the thick-
ness of the interfacial layer to be ∼5 nm.

In this study, we developed a polymer-ceramic composite
electrolyte for lithium metal batteries. The polymer host is
a vinyl ethylene carbonate (VEC)-based SIC polymer electrolyte.
The ceramic ller is a four-element-substituted high-entropy Li-
garnet (HE Li-garnet) with a chemical formula of Li7La3Zr0.5-
Nb0.5Ta0.5Hf0.5O12. This HE Li-garnet is less prone to surface
passivation and Li2CO3 formation compared to the traditional
Al doped LLZO. Surface Li2CO3 is known to block the interac-
tions between the polymer and ceramics, thereby limiting ion
transport enhancement both along and across the polymer-
ceramic interface.43 The formation of Li2CO3 on LLZO surface
is dopant-dependent, as the dopants inuence the decomposi-
tion energy of the Li-garnet structure, shown in literature by
density functional theory simulation.44 In the HE Li-garnet, the
dopants substituting the Zr site were selected due to their stable
valence states and favorable defect formation energy, which
lead to enhanced air stability, as demonstrated in our previous
work.36 The composite electrolyte was prepared by in situ poly-
merization using a mixture of the HE Li-garnet llers and the
precursors of the SIC polymer. The composite electrolyte with
30 wt% HE Li-garnet showed a 7-fold enhancement in ionic
conductivity (8.6 × 10−5 S cm−1 at 30 °C) and a two-fold
24512 | J. Mater. Chem. A, 2025, 13, 24511–24521
enhancement in mechanical modulus, compared to the neat
SIC polymer. The simultaneous enhancement in ion transport
and mechanical properties leads to greatly prolonged cycle life
in a Li symmetric cell at 40 °C. The origin of the ion transport
enhancement as well as the mechanical moduli enhancement is
elucidated by a combination of thermogravimetric analysis
(TGA), proton nuclear magnetic resonance (1H NMR), and
rheological measurements.
Experimental section
Synthesis of high-entropy Li-garnet

To synthesize HE Li-garnet (Li7La3Zr0.5Nb0.5Ta0.5Hf0.5O12),
a solid-state synthesis method was used. Stoichiometric
amounts of LiOH$H2O with 10% excess (Li is easy to evaporate
during synthesis and sintering therefore excess amount were
added, 98% minimum purity, Thermo Scientic), La2O3 (99.9%
purity, Tokyo Chemical Industry America, dried at 950 °C), ZrO2

(99.9% purity, Inframat Advanced Materials), Nb2O5 (99.9%
purity, Alfa Aesar), Ta2O5 (99.99% purity, Inframat Advanced
Materials), and HfO2 (99%, Thermo Scientic) were ball milled
for 1 hour using zirconia milling tank and balls and isopropyl
alcohol (IPA, >99.5%, VWR) as the liquid media on a shaker mill
(SPEX 8000, SPEX SamplePrep). The mixture was dried at 105 °
C, ground, and pressed into pellets. Calcination occurred in an
alumina crucible at 900 °C for 12 hours in air. Subsequent 2
hours of ball milling using zirconia milling media in IPA was
performed on the shaker mill to reduce the particle size.36
Synthesis of the single-ion-conducting polymer and
composite electrolytes

The SIC polymer electrolyte was prepared by the copolymeri-
zation of vinyl ethylene carbonate (VEC, Sigma-Aldrich), azobi-
sisobutyronitrile (AIBN, Sigma-Aldrich) and lithium
sulfonyl(triuoromethane sulfonyl)imide methacrylate
(LiMTFSI, SPECIFIC POLYMERS). The details of the precursor
storage and polymer synthesis are reported elsewhere.41 VEC
and LiMTFSI had a molar ratio of 10 : 1. The polymer had a gel-
like consistency.

The composite electrolytes were prepared by combining VEC
and LiMTFSI in a molar ratio of 10 : 1 in a polypropylene vial,
followed by the addition of LLZO powder with predetermined
weight fraction and AIBN with a molar ratio of 1 : 100 of AIBN :
VEC. The weight ratios of SIC to LLZO varied from 90 : 10, 70 :
30, to 50 : 50. The weighing took place in an Ar glovebox. Aer
weighing all the components, yttria-stabilized zirconia milling
balls were added to the vial and the vial was tightly closed and
sealed with paralm. This polymer precursor–ceramic mixture
was then moved outside the glovebox and vigorously mixed
using a Turbula mixer (GlenMills INC.) for 10 min. The vial
containing the mixture was then moved back into the glovebox
and sealed in an airtight mason jar. Finally, in situ polymeri-
zation was performed by heating the samples for 12 hours in
a thermostat chamber (Heratherm OGH60, Thermo Scientic)
at 80 °C. The resulting composite had a sticky clay-like
consistency.
This journal is © The Royal Society of Chemistry 2025
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Ionic conductivity measurements

The ionic conductivity of the electrolytes was examined using
both broadband dielectric spectroscopy (BDS) and impedance
spectroscopy (IS). The BDS was measured using an Alpha-A
spectrometer (Novocontrol) in the frequency range between
106 Hz to 10−2 Hz. The polymer and composite electrolytes were
loaded into a dielectric cell in an Ar glovebox. The dielectric cell
had a design with two parallel electrode disks with a diameter of
10.2 mm and separation of 0.3 mm. The cell was sealed with an
O-ring to ensure air-tightness. Measurements were conducted
from low to high temperatures, and the sample was equilibrated
to achieve thermal stabilization within 0.2 K prior to each
measurement. For IS measurement (Biologic, SP-300), the same
dielectric cell was used. One heating/cooling cycle ranging from
−20 °C to 80 °C was applied using a temperature-controlled
oven (ESPEC, SU-222) in the frequency range from 7 MHz to
0.1 Hz with a voltage amplitude of 6 mV. Before each
measurement, the cell was allowed to equilibrate at a set
temperature for one hour. The IS data obtained during the
heating process was used in the Results and discussion section.
Electrochemical and battery tests

For all the electrochemical and battery tests, we assembled
separator-free 2032-type coin cells inside an Ar-lled glovebox.
Two Mylar washers (outer diameter: 5/800, inner diameter: 7/1600)
were stacked and glued together, to contain the electrolyte and
provide a dened thickness of 198 mm. All the battery tests were
performed at 40 °C.

The oxidative stability of SIC and SIC-30 wt% HE Li-garnet
were examined using linear sweep voltammetry (LSV). The
LSV testing cell assembly was the following: Mo foil as the
working electrode, followed by the electrolyte conned in the
Mylar washer; then Li anode (600 mm thick, MTI Corporation)
was placed on top of the electrolyte, serving as both the refer-
ence and counter electrode. LSVmeasurements were carried out
at a scan rate of 0.05 mV s−1 from the open circuit voltage to 6 V
(vs. Li/Li+).

The Li transference number (t+) was determined using the
Bruce-Vincent method (electrochemical impedance and chro-
noamperometry measurements) in a Li symmetric cell. To
assemble the cell, the mylar washer was placed on a piece of Li
metal anode and lled with polymer or composite electrolytes.
Another piece of Li was placed on top and the stack was
assembled in a coin cell. The t+ value was calculated based on
the equation proposed by Bruce et al.45

tþ ¼
Iss

�
nV � IUR

0
0

�

IU

�
nV � IssR

0
ss

�

IU and Iss are the initial and steady-state currents, R
0
0 and R

0
ss are

the initial and steady-state interfacial resistances, and DV
(10 mV in this work) is the applied potential to the Li symmetric
cell. The initial current (IU) was calculated using IU = DV/RU

(where RU is the total resistance of the cell, proposed by Balsara
et al.46)
This journal is © The Royal Society of Chemistry 2025
Li stripping/plating test was performed on the same Li
symmetric cell. Electrochemical impedance spectroscopy (EIS)
was measured before cycling in a frequency range of 7 MHz to
100 mHz with a voltage amplitude of 6 mV. Then, Li stripping/
plating tests were carried out using a Maccor system at
a constant current density of 0.1 mA cm−2 with an areal capacity
of 0.5 mA h cm−2 at 40 °C.

Galvanostatic charge/discharge measurements were per-
formed on a Li metaljSIC or SIC-30 wt% HE Li-garnetjLiFePO4

(LFP) cathode cell. The LFP cathode was composed of LFP
(89 wt%, Hydro-Quebec), carbon black (5 wt%, Timcal) and
polyvinylidene uoride (PVDF) (6 wt%, Kynar-ex). The cathode
was punched into a diameter of 7/1600 discs and mass loading of
LFP was 9.7 mg cm−2. Al foil was the cathode current collector.
The Li/LFP cells were cycled within a voltage range of 2.9–3.6 V
vs. Li/Li+. IS was conducted prior to cycling, followed by galva-
nostatic charge/discharge testing with the xed current density
of 0.1 mA cm−2 at 40 °C.

Thermogravimetric (TGA) measurements

The thermal properties of the precursors and their composites
were evaluated by TGA using a TG/DTA instrument (TGA Q500)
from room temperature to 600 °C at a heating rate of 10 °
C min−1 under an air atmosphere.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)

The HE Li garnet powders were observed by a scanning electron
microscope (SEM) spectroscopy using a Hitachi TM3030Plus
table top instrument with a 15 kV acceleration voltage as well as
a Talos F200X TEM (Thermo Scientic) equipped with energy-
dispersive X-ray spectroscopy (EDS).

Neutron powder diffraction

HE Li-garnet powders were characterized by neutron powder
diffraction performed on VULCAN in Oak Ridge National
Laboratory and the obtained patterns were rened through the
GSAS soware package to obtain crystallographic structural
parameters.

X-ray photoelectron spectroscopy (XPS)

The HE Li garnet powders and Al doped LLZO powders were
loaded into a vacuum-transfer holder in an Ar glovebox for
transport to the XPS instrument. Once in the load-lock of the
XPS instrument, the vacuum transfer holder was unsealed, and
the sample was inserted into the analysis chamber under
vacuum. For each sample a wide energy range survey spectrum
was acquired to determine all elements present. Next, a set of
narrow energy range core level spectra were acquired for each
identied element.

Rheology measurements

The linear viscoelastic properties of the SIC and SIC-30 wt% HE-
LLZO were characterized using an HR2 rheometer (TA Instru-
ments) equipped with an environmental test chamber. Small-
J. Mater. Chem. A, 2025, 13, 24511–24521 | 24513
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amplitude oscillatory shear was performed in the frequency
range of 1–100 rad s−1 and temperature range of 25–80 °C under
the protection of dry nitrogen gas.

Nuclear magnetic resonance (NMR)
1H-NMR analysis was performed using a Bruker Avance III
400 Hz spectrometer and were collected in dimethylsulfoxide
(DMSO-d6). DMSO-d6 was added to the composite and le for
24 hours to dissolve the polymer, then the ceramic was removed
from the polymer solution by centrifugation.

Results and discussion

The ceramic llers used in this work are Li7La3Zr0.5Nb0.5Ta0.5-
Hf0.5O12 HE Li-garnet.36 The size and structure of milled HE Li-
garnet powders are characterized by TEM and neutron diffrac-
tion. As shown in Fig. 1a, the HE Li-garnet powders have a ne
particle size, which ensure the dispersion in the composite as
an effective ller. The associated energy dispersive spectroscopy
(EDS) element mapping indicates uniform element distribution
at the nanometer scale. A high-resolution TEM micrograph in
Fig. 1b clearly shows the lattice structure and the interplanar
spacing is determined to be 0.34 nm, which is associated with
the (321) crystallographic planes in cubic Li-garnet. Neutron
powder diffraction (Fig. 1c) of the HE Li-garnet demonstrates
a single cubic Li-garnet phase (space group of Ia�3d, No. 230),
Fig. 1 Characterizations of the HE Li-garnet. (a) TEM micrograph along
lattice structure, (c) neutron powder diffraction and Rietveld refinement

24514 | J. Mater. Chem. A, 2025, 13, 24511–24521
which is consistent with the EDS mapping results. Rietveld
renement (Rwp 3.58%, c2 3.370, see full Rietveld renement
results in ESI Table S1‡) shows a relatively high occupancy on
the high mobility Li2(48 g/96 h), which ensures high conduc-
tivity of the materials.47 As indicated in Fig. S1,‡ the bulk
conductivity of HE Li-garnet is approximately ∼5 × 10−4 S cm−1

at room temperature.
The polymer electrolyte used in this work is a vinyl ethylene

carbonate (VEC) based single-ion conducting polymer (SIC), as
shown in Fig. 2a.41 The composite electrolyte was prepared by in
situ polymerization using amixture of precursors of the polymer
electrolytes and the ceramic llers, as shown by Fig. 2b. In our
previous work, we found that VEC monomer is a slow-reacting
component and does not completely polymerize. The unpoly-
merized VEC monomer plasticizes the polymer, leading to the
formation of SIC gel polymer electrolyte.41 Therefore, we antic-
ipate that the composite also contains unpolymerized VEC. This
will be discussed in detail later.

Fig. 3a shows the ionic conductivities of the composite
electrolytes as a function of the weight fraction of the HE Li-
garnet at 30 °C. The conductivity increased as HE Li-garnet's
loading increased from 10 wt% to 30 wt%. At 30 wt%, the ionic
conductivity of composite was 8.6 × 10−5 S cm−1, an 8-fold
increase from that of neat SIC (1.1 × 10−5 S cm−1). When the
loading further increased to 50 wt%, the conductivity decreased
to almost half of that of the 30 wt% composite (4.5 ×
with EDS mapping, (b) a high-resolution TEM micrograph to show the
to show the (d), refined crystal structures.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Reaction scheme and schematic of (a), SIC pure polymer and (b), SIC-HE Li-garnet composite electrolyte.
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10−5 S cm−1 vs. 8.6× 10−5 S cm−1). Conductivity as a function of
frequency (Bode spectra) of SIC and composite is shown in
Fig. S2.‡ Three distinct regimes appeared as a function of
frequency, (i) the decay at low frequencies due to ion-blocking
electrode polarization effect, (ii) frequency independent
plateau region, which is identied as the DC conductivity, and
(iii) the increase at high frequency representing the AC
conductivity. A single DC plateau is observed in the Bode
spectra of both the SIC polymer and the composite.

Fig. 3b shows the Arrhenius plot of conductivity in SIC
polymer and composites. Both show Vogel–Fulcher–Tammann
(VFT) temperature dependence, typical for polymer electrolytes
above their glass transition temperatures.48 To assess the time-
dependent stability of the composites, we compared the
conductivity of 50 wt% composite electrolyte prepared fresh and
aged for 2 weeks in the glovebox (Fig. 3a and b). The conduc-
tivity of the composite was largely stable over 2 weeks, showing
approximately 10% decrease from the fresh sample. This minor
decrease can be explained by several factors: continued poly-
merization of the sample, partial evaporation of unpolymerized
VEC especially under elevated temperatures (the BDS cell is
airtight for the conductivity measurements but may not stay
airtight for 2 weeks), and possible variations in sample's contact
with cell.

It is worth noting that we also incorporated 50 wt% Al doped
LLZO powder into the SIC polymer, using the same synthesis
procedure as the HE Li-garnet composite (Fig. S3‡). The ionic
conductivity of 50 wt% Al doped LLZO composite was 1.6 ×

10−6 S cm−1 at 30 °C, which is almost an order of magnitude
lower than that of the pure polymer matrix (1.1× 10−5 S cm−1).
This result indicates that regular Al doped LLZO could not
achieve similar ionic transport enhancement in the SIC polymer
matrix. XPS on the two powders revealed signicantly more
This journal is © The Royal Society of Chemistry 2025
carbonate species on the surface of Al doped LLZO (Fig. S4 and
Table S2‡) than on the surface of HE Li garnet. The formation of
Li2CO3 on the surface will affect the interface between SIC and
Li-garnet and the associated Li-ion migration pathways.43,49

Since the surface of HE Li garnet is signicantly less prone to
carbonate formation, a more favorable interface between the
SIC and HE Li garnet can be realized.

To reveal the mechanism of the conductivity enhancement
in the HE Li-garnet composites, we rst quantied the amount
of unpolymerized VEC in SIC and in the HE Li-garnet compos-
ites, using two methods – TGA and 1H-NMR. Fig. 4a shows TGA
proles of VEC monomer, SIC, and SIC-30 wt% HE Li-garnet
composite. VEC monomer showed rapid weight loss at around
155 °C due to evaporation. For SIC, we observed 3% weight loss
occurring at 100 °C. This weight loss probably comes from
residual water from the precursors as well as the polymerization
process. The weight loss of unpolymerized VEC is represented
by the red arrow in Fig. 4a, which is 44%. The weight loss aer
the evaporation of unpolymerized VEC is from the decomposi-
tion of polymerized VEC and LiMTFSI. Since the total weight
percentage of the VEC (polymerized + unpolymerized) is 77%,
we calculated that unpolymerized VEC in SIC was 57%. Simi-
larly, the weight loss coming from unpolymerized VEC in the
SIC-30 wt% HE Li-garnet composite was marked by a purple
arrow. Note that the weight loss was normalized by the weight
polymer components only, excluding the ceramics' weight, as
they didn't experience weight loss in this temperature range.
The unpolymerized VEC in the SIC-30 wt% HE Li-garnet
composite calculated from the TGA curve was 78%, signi-
cantly higher than neat SIC (57%) (Table 1). The detailed
calculation of the unpolymerized VEC amount was explained in
Note S1 in the ESI.‡
J. Mater. Chem. A, 2025, 13, 24511–24521 | 24515
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Fig. 3 Ionic conductivity of the composite electrolytes. (a) Conduc-
tivity at 30 °C as a function of HE Li-garnet loading. (b) Arrhenius plot of
the conductivity.

Fig. 4 (a) Thermogravimetric analysis (TGA) curves of VEC, SIC, and
the composite electrolyte. The data of the composite excluded the
weight of the ceramic. (b) 1H-NMR spectra of SIC and the composite
electrolyte.
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We further evaluated the degree of polymerization in the
pure polymer and the composites using 1H-NMR (Fig. 4b). To
quantitatively identify the degree of polymerization, we calcu-
lated the molar ratio between VEC monomers and LiMTFSI, in
the SIC and SIC-30 wt% HE Li-garnet, by comparing the inte-
grals of the VEC C]C signal at 6 ppm with that of LiMTFSI at
3 ppm (detailed peak assignments have been previously re-
ported).41 In Fig. 4b, peak a is 1 proton from the vinyl group in
VEC. Peak b is 1 proton corresponding to the vinyl group of
LiMTFSI, and peak c is the 2 protons on the carbon next to the
ester group of LiMTFSI. Before polymerization, the precursor
mixtures showed the molar ratio of VEC : LiMTFSI is 10 : 1, as
indicated by the ratio between the integrals of peaks a and b.
Aer polymerization, the integral of peak a decreased relative to
peak c, while peak b completely disappeared, indicating partial
polymerization of VEC and complete polymerization of
LiMTFSI. The complete polymerization of LiMTFSI means that
the MTFSI anions are covalently bonded to the polymer chains
24516 | J. Mater. Chem. A, 2025, 13, 24511–24521
and are immobilized.41 The ratio of the integrals of peaks a and
c can be used to calculate the amount of unpolymerized VEC.
The unpolymerized VEC content in the SIC polymer was 57.8%
and that in SIC-30 wt% HE Li-garnet composite was 79.6%.
These numbers are consistent with TGA results. Both TGA and
1H-NMR indicate that there is signicantly more unpolymerized
VEC present in the HE Li-garnet composites compared to the
pure polymer. The increased amount of unpolymerized VEC
might be related to the surface composition of the HE Li-garnet,
which slows the already sluggish reaction kinetics of the VEC
monomer, resulting in more unpolymerized VEC in the HE Li-
garnet composites.

To gauge the effect of unpolymerized VEC on the ionic
conductivity of SIC, we mixed the SIC precursors and let the
mixture polymerize at 80 °C for different time spans (1 h, 2 h,
3 h, 4 h and overnight (12 h)) and quickly quenched the reaction
by transferring the mixture to a freezer. We also prepared the
SIC using two different ways – by mechanical stirring and
This journal is © The Royal Society of Chemistry 2025
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Table 1 Quantification of unpolymerized VEC

TGA 1H-NMR

Mass loss of VEC unpolymerized
component (%)

Unpolymerized
VEC (%)

Peak c
(LiMTFSI)

Peak a
(unpolymerized VEC)

Unpolymerized
VEC (%)

SIC using stirring 44 57 2.00 5.78 57.8
SIC-30 wt% HE Li-garnet
(w.r.t. polymer components)

60 78 2.00 7.96 79.6

SIC-50 wt% HE Li-garnet — — 2.00 8.07 80.7
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vigorous shaking (using a Turbula, a procedure used to prepare
the composites). The amount of unpolymerized VEC in these
samples and the corresponding conductivity at 30 °C were
quantied by 1H-NMR and IS and listed in Table 2. It is worth
mentioning that in all these samples, essentially complete
polymerization (>98%) of LiMTFSI was observed. In general,
a higher amount of unpolymerized VEC led to higher conduc-
tivity, indicating that unpolymerized VEC monomer is an
effective plasticizer. The 1 h polymerized SIC exhibited the
highest conductivity of 2.3 × 10−4 S cm−1, with a corresponding
98.7% unpolymerized VEC. As the degree of polymerization
increased, the ionic conductivity of the polymer electrolyte
decreased, reaching as low as 1.1 × 10−5 S cm−1 with 50.5%
unpolymerized VEC aer a 12 h polymerization period (Turb-
ula), while the ionic conductivity of SIC aer 12 hours using the
mechanical stirring method was 1.4 × 10−5 S cm−1 with 57.8%
unpolymerized VEC.41 Notably, 2 h polymerized SIC and (over-
night polymerized) SIC-30 wt% HE Li-garnet composite exhibit
very similar levels of unpolymerized VEC, 78.3% and 79.6%,
respectively. These samples also had similar ionic conductivi-
ties of 9.4 × 10−5 S cm−1 and 8.6 × 10−5 S cm−1, respectively.
This suggests that the conductivity enhancement in these
composites mainly arises from an increase in the amount of
unpolymerized VEC which serves as a plasticizer. It is well
known that plasticizers facilitate segmental motion of polymer
chains, reduce the glass transition temperature, and solvate
ions, thereby enhancing ion mobility and overall ionic
conductivity.

The mechanical properties of SIC and SIC-30 wt% HE Li-
garnet composite were evaluated using a rheometer. A master
Table 2 Ionic conductivity at 30 °C and degree of unpolymerized VEC
using 1H-NMR

Conductivity at
30 °C (S cm−1)

% of unpolymerized
VEC

SIC-1 h polymerized 2.3 × 10−4 98.7
SIC-2 h polymerized 9.4 × 10−5 78.3
SIC-3 h polymerized 4.5 × 10−5 80.5
SIC-4 h polymerized 1.9 × 10−5 61.5
SIC-30 wt% HE Li-garnet 8.6 × 10−5 79.6
SIC-50 wt% HE Li-garnet 4.5 × 10−5 80.7
SIC using stirring 1.4 × 10−5 57.8
SIC using Turbula 1.1 × 10−5 50.5

This journal is © The Royal Society of Chemistry 2025
curve was constructed by applying appropriate temperature-
dependent shi factor aT to the angular frequency u and
shown in Fig. 5a. The rheology measurements at each indi-
vidual temperature are provided in Fig. S5.‡ The storage
modulus G0 and loss modulus G00 of the SIC are approximately
equal over the entire measured frequency range and exhibit
a power-law behavior of G0 z G00 ∼ u1/2, which is indicative of
Rouse-like dynamics. In contrast, a different scaling behavior is
observed for G0 and G00 of the SIC-30 wt% HE Li-garnet
composite: G0,G00 ∼ u1/4, corresponding to some gelation
regime with G0 ∼2 times higher than G00. At low frequencies, the
dynamic moduli (G0 and G00) of the composite are higher than
those of the SIC. The distinctly different frequency dependence
of G0 and G00between the SIC and composite suggests that the
observed mechanical reinforcement in the composite arises
from interactions between HE Li-garnet and the polymer
matrix. HE Li-garnet may serve as physical crosslinking points
in the polymer matrix. We also observed that the HE Li-garnet
particles formed very stable suspension in the polymer precur-
sors, and no precipitation of the particles occurred during in
situ polymerization. At lower temperatures and higher
frequencies, the composite appeared to have similar G0 and
G00to neat SIC, indicating that the composite had shorter chains
than the SIC polymer, consistent with 1H-NMR analysis. Recall
from Table 2 that the composite containedmore unpolymerized
VEC monomers, which is a small-molecule plasticizer. It should
be noted that plasticizer incorporation oen compromises the
mechanical modulus of the polymer matrix as a result of the
plasticization effect, a trade-off commonly observed in gel
polymer electrolytes.50–52 Herein, by adding HE Li-garnet, the
positive effect of ceramics on the mechanical properties offset
the detrimental effect from the unpolymerized VEC monomers.
HE Li-garnet-SIC composite electrolyte combined the high
modulus from the ceramic–polymer interactions and good
surface adhesion from the polymer phase, which are desirable
mechanical properties for battery performance.

In Fig. 5b, we compare the temperature-dependent conduc-
tivity and mechanical properties (measured at 10 Hz) of the SIC
polymer and SIC-30 wt% HE Li-garnet composite. It can be seen
that the conductivity and the mechanical properties have the
opposite temperature dependencies, as an increase in temper-
ature led to increased conductivity and decreased mechanical
moduli. The comparison clearly indicates that HE Li-garnet
incorporation simultaneously improved both conductivity and
storage modulus over an extended temperature range.
J. Mater. Chem. A, 2025, 13, 24511–24521 | 24517
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Fig. 5 (a) Storage modulus (G0) and loss modulus (G00) of SIC and SIC-
30 wt% HE Li-garnet as a function of angular frequency (u) times the
shift factor, aT. Inset: temperature dependence of the shift factor aT. (b)
Ionic conductivity and G0 of SIC and SIC-30 wt% HE Li-garnet
measured at various temperatures. G0 was data at 10 Hz. The green
arrows highlight simultaneous enhancement in ionic conductivity and
mechanical modulus in 30 wt% HE Li-garnet composite at 40 °C.
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The Li+ transference number and Li+ conductivity at 40 °C
are summarized in Fig. 6a. The Li+ transference number of the
SIC polymer is ∼0.9, while a slightly lower transference number
of 0.73 is observed for SIC-30 wt% HE Li-garnet composite
(Fig. S6‡). The high Li+ transference number is intrinsic to SIC
polymer electrolytes due to anions immobilization.41 The Li+

conductivity, obtained by multiplying the Li+ transference
number and ionic conductivity, is a critical factor to achieve
high performance of Li batteries. The Li+ conductivity of SIC-
30 wt% HE Li-garnet is 9.8 × 10−5 S cm−1 at 40 °C, representing
an almost 6-fold increase compared to that of the SIC polymer
(1.7 × 10−5 S cm−1), indicates faster Li-ion transport promoted
in the bulk electrolyte with HE Li-garnet owing to the higher
amounts of VEC monomers in the composite than in the neat
24518 | J. Mater. Chem. A, 2025, 13, 24511–24521
polymer. Fig. 6b shows the electrochemical stability window of
SIC polymer and SIC-30 wt% HE Li-garnet measured by linear
sweep voltammetry (LSV). The oxidative current for SIC polymer
started to increase at 3.6 V vs. Li/Li+ (V), which is consistent with
our previous report.42 The oxidative current of SIC-30 wt% HE
Li-garnet started to rise at around 4.1 V vs. Li/Li+ (V), indicating
better oxidative stability in composite.

Fig. 6c shows the Nyquist plots of the SIC polymer and SIC-
30 wt% HE Li-garnet composite in Li symmetric cell before
cycling. The impedance spectra of both cells showed two
depressed semicircles, representing ion transport through the
bulk electrolyte and across the Li metal/electrolyte interfaces. A
lower total resistance in the SIC-30 wt% HE Li-garnet composite
compared to the SIC polymer is consistent with its higher Li+

conductivity due larger concentration of VEC monomers.
Fig. 6d shows Li symmetric cell cycling at a constant current of
0.1 mA cm−2 at 40 °C. At an early stage of the cycling, the cell
made with SIC polymer showed larger overpotential compared
to that of the SIC-30 wt% HE Li-garnet composite. Specically,
the SIC polymer initially exhibited an overpotential of 0.11 V
with at voltage proles (Fig. S7a–e‡). The voltage proles for
the 3rd, 5th, 10th, and 15th cycles exhibited a gradual shi from
a at to a rounded shape, with voltage uctuations appearing at
the 10th cycle. This observation may be due to Li dendrite
growth in the polymer, eventually leading to a large and abrupt
potential drop at 175 hours. In contrast, the voltage prole of
SIC-30 wt% HE Li-garnet was much more stable showing
a smaller initial overpotential of 0.04 V and much slower over-
potential evolution (Fig. S8a–e‡). At the end of 700 hours of
cycling, the overpotential only increased to 0.07 V. The cell
incorporating HE Li-garnet exhibited no signs of short-
circuiting, in contrast to the pure SIC polymer. These results
demonstrate that the incorporation of HE Li-garnet into the SIC
polymer reinforces mechanical properties and boosts ionic
conductivity, both promoting outstanding Li plating/stripping
performance with prolonged cycling stability.

We further evaluated full cell performance using LijLiFePO4

(LFP). As shown in Fig. S9a,‡ the internal cell resistance of the
SIC-30 wt% HE Li-garnet composite is signicantly lower,
around 300 Ohm, compared to approximately 900 Ohm for the
neat polymer. This trend is consistent with our transport
property measurements. Fig. S9 b and c‡ shows the cycling
performance of the Li/LFP cell. Overall, the cell made with the
composite showed better cycle stability than that of the pure
polymer. The LijSICjLFP cell exhibited a rst cycle charge
capacity of 85 mA h g−1, and subsequently delivered a rst cycle
discharge capacity of 82 mA h g−1. The discharge capacity
decreased to 68 mA h g−1 by the 5th cycle and couldn't charge to
3.6 V from 7th cycle. Meanwhile, the LijSIC-30 wt% HE Li-gar-
netjLFP cell delivered a rst cycle charge capacity of
167 mA h g−1, and subsequently delivered a rst cycle discharge
capacity of 144 mA h g−1. The discharge capacity dropped from
142 mA h g−1 in the 2nd cycle to 122 mA h g−1 in the 10th cycle,
but didn't show any charging issues like the one made with SIC.
We believe the primary reason for the observed capacity decay is
likely due to unoptimized interface between the LFP cathode
and the electrolyte (e.g., loss of contact or undesired reactions).
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Li+ transference number and Li+ conductivity of SIC and SIC-30 wt% HE Li-garnet composite. (b) Linear sweep voltammogram of SIC
and SIC-30 wt% HE Li-garnet composite at a scan rate of 0.05 mV s−1. (c) Nyquist plots of the Li symmetric cells made with SIC and SIC-30 wt%
HE Li-garnet composite at open circuit voltage, before cycling. (d) Lithium stripping/plating profiles of the SIC and SIC-30 wt% HE Li-garnet
composite at 0.1 mA cm−2 (a–d) Measurements were carried out at 40 °C. To evaluate cell performance, we constructed separator-free 2032-
type coin cells within an Ar-filled glovebox, as illustrated schematically in the inset of panel d.
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Further optimization of the cathode-electrolyte interface using
HE Li-garnet is ongoing and will be addressed in future work.
Conclusions

In this study, we incorporated a Li7La3Zr0.5Nb0.5Ta0.5Hf0.5O12

high entropy Li garnet (HE Li-garnet) ceramic in a vinyl ethylene
carbonate (VEC) based single-ion conducting (SIC) polymer.
The addition of HE Li-garnet led to a 7-fold increase in the ionic
conductivity (8.6 × 10−5 S cm−1 at 30 °C) compared to the neat
polymer, while maintaining a high Li+ transference of 0.73. 1H-
NMR and TGA results suggest that the addition of HE Li-garnet
resulted in lower degrees of polymerization, leaving more
unpolymerized VEC monomer in the matrix, serving as the
governing mechanism for conductivity enhancement. This
conductivity enhancement mechanism is a less well-known
mechanism, as most active llers enhance conductivity by
promoting Li ion dissociation at the polymer-ceramic interface
or by forming percolated ion-conducting paths themselves. HE
Li-garnet particles also serve as physical crosslinks in the
polymer matrix, leading to a stable and well-mixed composite
with 2-fold enhanced storage modulus (G0) at 40 °C, offsetting
the plasticization effect (which is detrimental to mechanical
modulus) from increased amount of unpolymerized VEC. The
simultaneous ion transport and mechanical property
This journal is © The Royal Society of Chemistry 2025
enhancement signicantly improved the dendrite resistance
and cycle life against the Li metal anode. This work reveals an
uncommon conductivity enhancement mechanism in the
polymer-ceramic composite electrolytes and highlights the
positive role ceramic llers can play in improving polymer
electrolytes for advanced battery technologies.
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