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ABSTRACT: Single-ion-conducting polymer electrolytes are attractive to use in lithium batteries as
the transference number of the lithium cation approaches unity. This helps prevent concentration
gradients across the electrolyte, which can result in dendrite formation. The addition of ceramic
particles to polymer electrolytes at high loadings can increase the mechanical strength of the polymer,
which can also help suppress dendrite formation. Here, a single-ion-conducting polymer electrolyte is
blended with lithium-conducting oxide ceramic particles to make a composite electrolyte. This
electrolyte is studied in comparison to a composite electrolyte containing freely dissolved lithium salt.
It is found that the addition of ceramic particles to the single-ion-conducting polymer can result in increased cation dissociation and
consequent increased ionic conductivity. The electrolytes are cycled in lithium symmetrical cells, and it is found that the ceramic-
containing electrolytes show increased interfacial stability with the lithium metal compared to the pristine polymer electrolytes. Our
findings shed light on how to optimize the polymer host chemistry to form composite electrolytes that can meet the challenging
requirements to stabilize the lithium metal anode.
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1. INTRODUCTION

With increasing demands of high-performance electronic
devices and for widespread vehicle electrification, new battery
chemistries with a focus on increased safety are under
investigation. Lithium metal has a very high theoretical
capacity compared to graphite (3800 versus 370 mAh/g) but
suffers from uneven deposition causing dendrites.1,2 Dendrite
formation may lead to short circuiting and subsequent fires due
to the use of flammable organic solvents within the electrolyte.
Solid-state electrolytes are promising in preventing dendrite
growth and enabling the lithium metal anode.
Solid electrolytes encompass two classes of materials,

ceramic and polymer electrolytes. Ceramic electrolytes have
high mechanical moduli that can suppress dendrite growth and
sufficient ionic conductivities that can reach comparable values
to liquid electrolytes. What is more, most ceramics are single-
ion conductors. However, cracking, grain boundary resistances,
stability against lithium, and the lack of processability limit the
usage of ceramic electrolytes.
Polymer electrolytes are flexible, which can accommodate

volume changes and prevent cracking, and have increased
stability against lithium metal. Standard polymer electrolytes
consist of a base polymer such as poly(ethylene oxide) (PEO)
and a lithium salt dissolved in it. In polymer electrolytes, Li+

movement is usually coupled to the segmental motion of the
polymer chains.3 Therefore, they have relatively low room-
temperature ionic conductivities (<10−5 S/cm).4,5 Like liquid

electrolytes, the Li+ transference numbers of common polymer
electrolytes are low, between 0.2 and 0.5.6,7 The low
transference number causes concentration gradients at high
current densities and leads to lithium dendrite growth.
Single-ion-conducting (SIC) polymer electrolytes, on the

other hand, employ ion-containing monomers to form the
polymer electrolytes. In an SIC polymer, the anions are
covalently bound to the polymer chains and the Li+

transference number approaches unity.5,6,8−12 The high
transference number will prevent concentration gradients
across the electrolyte and promote uniform lithium stripping
and plating.6 Despite the positive attributes of SIC polymers,
they are intrinsically limited by low ionic conductivities.
Although a lower total ionic conductivity of the SIC electrolyte
is expected due to the immobilization of the anion, the
conductivity of the electrolyte is often related to the ability of
the cation to dissociate from the anion.9,12,13 Single-ion
conductors have also been employed as an artificial SEI as
the near-unity lithium transference number prevents the anion
from decomposing at the surface of the lithium metal.14−16
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Thus far, research in single-ion conductors often focuses on the
use of highly delocalized anions and/or engineering high ionic
transport rate channels to achieve adequate ionic conductiv-
ities.6,9,10,13,17

Composite polymer electrolytes, composed of ceramic
particles dispersed in a polymer matrix, may combine the
advantages of ceramic and polymer to create a highly
conductive, mechanically robust, and easily manufacturable
solid electrolyte. The field of composite electrolytes has been
under intense research in recent years. The conductivity of a
composite polymer electrolyte has been shown to increase
compared to that of the pristine polymer electrolyte with low
ceramic loadings (<10 vol %).4,5,18−22 The proposed
mechanisms for the conductivity enhancement include
suppression of crystallization and enhancement of segmental
dynamics of the polymer around the filler, changes in the Li+−
polymer complexation, and enhanced surface trans-
port.4−6,23−29 Furthermore, defects within the crystal lattice
of the nanoparticle may cause lithium ions to enter the
polymeric phase, effectively increasing the number of charge
carriers contributing to the measured conductivty.21

With higher loadings of ceramic (>30 vol %), composite
electrolytes with discrete ceramic fillers show greatly decreased
ionic conductivity compared to the neat polymer electrolyte.
Our recent studies revealed a large interfacial resistance for ion
transport across the polymer−ceramic interface.30 Further-
more, quasi-elastic neutron scattering and solid-state nuclear
magnetic resonance results demonstrated the negative impacts
of a model lithium aluminum titanium phosphate (LATP)
ceramic on the ionic conductivity of the polymer electro-
lyte.31,32 The negative impacts originated from unoptimized
ceramic−salt−polymer interactions.
In most of the studies including those discussed above, the

polymer matrices used to form the composites are standard
polymer electrolytes with lithium salts “freely” dissolved. Thus,
the matrix has low Li+ transference numbers. In contrast, Li+-
conducting ceramics are typically single-ion conductors with a
Li+ transference number very close to 1. This transference
number mismatch causes polarization at the polymer−ceramic
interface.33 To date, composite electrolytes using SIC polymers
as the host have largely been unexplored.14,34,35

In this work, we synthesized SIC polymers by cross-linking
poly(ethylene glycol) dimethacrylate (PEGDMA) with ion-
containing monomers including 4-styrenesulfonyl-
(trifluoromethylsulfonyl)imide (STFSI) and 4-vinylbenzene-
sulfonate (SS). A doped LATP type ceramic, LICGC, and an
amorphous ceramic, lithium lanthanum titanium oxide
(LLTO), were used as the fillers to form composites. We
report the effects of these Li+-conducting ceramic particles on
the physical, thermal, mechanical, ion transport, and electro-
chemical properties of the SIC composites. These properties
were also compared with the non-single-ion-conducting
counterpart using a polymer host with the same PEGDMA
backbone and freely dissolved lithium salt (lithium bis-
(trifluoromethanesulfonyl)imide, LiTFSI). The comparison
sheds light on how to optimize the polymer host chemistry
to form composite electrolytes toward a stable lithium metal
anode. This work is part of a series of systematic studies on the
fabrication, ion transport, and interfacial interactions in
polymer−ceramic composite electrolytes.20,30,31,36

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Poly(ethylene glycol) dimetha-

crylate (PEGDMA, approximate molecular weight 1000 g/mol) was
purchased from Polysciences and used without further purification.
Sodium 4-vinylbenzenesulfonate (NaSS), tetraethylene glycol dimeth-
yl ether (TEGDME), acetonitrile, and 2,2′-azobis(2-methylpropioni-
trile) (AIBN) were purchased from Sigma Aldrich. TEGDME was
dried on molecular sieves prior to use. AIBN was recrystallized from
methanol before use. Dimethyl sulfoxide (DMSO) was purchased
from Alfa Aesar. Lithium bistrifluoromethanesulfonimide (LiTFSI)
was purchased from 3M and dried under vacuum at 150 °C for at
least 24 h prior to use. The potassium 4-styrenesulfonyl-
(trifluoromethylsulfonyl)imide (KSTFSI) monomer was synthesized
as described in previous reports.9,37 Lithium-ion-conducting glass
ceramic powder (LICGC) was purchased from Ohara Corporation. It
is a doped LATP ceramic with the general composition of Li2O-
Al2O3-SiO2-P2O5-TiO2-GeO2. It is air- and water-stable. The average
particle size of the powder used was 1 μm. Amorphous LLTO powder
was obtained via an all-alkoxide route38 as described in previous
works.39−41 Lithium isopropoxide (10 mol % extra added to
compensate for lithium loss) and titanium isopropoxide were added
into lanthanum 2-methoxyethoxide based on the stoichiometric ratio
of Li0.35La0.55TiO3 (LLTO). The mixture was refluxed in a glovebox
for 2 h, and subsequently, 10 mol % water was slowly dropped into
the mixed solution to accelerate the gel formation. With the mixed
solution converted to gel, it was first dried in an oven at 80 °C and
then calcined in a furnace at 120 and 450 °C to fully remove the
organic solvent. The target LLTO powder was obtained after grinding
for 30 min to achieve uniform particle size.

2.2. Synthesis and Fabrication of Polymer and Composite
Electrolyte Films. SIC polymer films were prepared by combining
PEGDMA and the anion monomer (NaSS or KSTFSI) to the desired
[EO]:[Charge] molar ratio of 45 in DMSO (1.2 mL of solvent/g
monomer). 1 wt % AIBN was added to the solution as the thermal
initiator. The solution was then cast and sandwiched between two
glass plates with glass slides used to standardize film thickness (110 to
150 μm). The resulting film was allowed to cross-link for 1 h at 75 °C.
After cross-linking was completed, the Na+- or K+-containing polymer
electrolyte films were exchanged to Li+ via an aqueous ion exchange
process as described in previous works.9,42 Briefly, the films were
soaked in LiBr solution for 48 h with the solution changed out two
times a day. This step exchanges Na+ or K+ to Li+ and washes out the
residual DMSO solvent in the films. Then the films were washed with
deionized water for 24 h with the water exchanged out twice. The
films were dried in ambient conditions overnight and then were
transferred into an argon-filled glovebox where they were dried in a
vacuum furnace inside the glovebox at 80 °C overnight. The
completion of Li+ exchange was confirmed via inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The Na+ and K+

remaining in the films after ion exchange were deemed negligible via
ICP-OES.

To compare results with SIC polymers and composites, PEGDMA
was also cross-linked with the presence of free LiTFSI salt using the
same setup and procedure as described above. Since Li+ exchange is
not necessary after cross-linking, acetonitrile was used instead of
DMSO to avoid the washing steps. The film drying procedure was the
same as described above.

Ceramic-containing composite electrolytes were prepared by first
mixing calculated weights of LICGC or LLTO particles into the
monomer solution. The mixture was ball-milled for 30 min. The
cross-linking, ion exchange, washing, and drying procedure for SIC
composite electrolytes were the same as those for the SIC polymer
electrolyte. Similarly, the cross-linking and drying procedure of free-
salt-containing polymer and composite electrolytes were kept the
same.

After thorough drying of the polymer and composite electrolyte
films, the films were ready for use in the dry state. In order to improve
the conductivity of the films to enable cycling, part of the dried films
was cut out and plasticized with TEGDME. The SIC polymer and
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composite films were immersed in TEGDME for 1 h. For the non-
SIC polymer and composite films, 20 μL of TEGDME was added
onto the films to allow plasticization. This amount ensures a saturated
amount of TEGDME to be absorbed into the films while preventing
LiTFSI salt from leaching out of the films. Figure S1 compares the
conductivity of plasticized films with and without salt leaching. The
plasticized films were dabbed dry with Kimwipe before measurements
to avoid flooding of TEGDME.
2.3. Conductivity Measurements. Conductivity measurements

were taken using a Biologic SP-300 from 7 MHz to 0.1 Hz with an AC
voltage of 100 mV. Polymer and composite electrolyte films were
punched into 1/2 in. disks and sandwiched between two polished
stainless steel rods. The sample was sealed with two layers of heat
shrink tubing. The resultant Nyquist plots were fit using equivalent
circuits, and the bulk resistance of the polymer was used to calculate
the conductivity.
The molar conductivity of the polymer films was calculated by

dividing the resultant ionic conductivity by the concentration in mol/
cm3. The dry mass of the film was used to calculate the moles of
lithium in the film, based on the Li+ concentration determined
through ICP-OES. Then the film was swelled in TEGDME, and the
swelled dimensions were used to calculate the volume of the film.
2.4. Cycling Measurements. Cycling measurements of polymer

and composite electrolytes were taken in a symmetric coin cell
configuration. All samples were plasticized in TEGDME prior to
measurement using the procedure described above. Lithium electro-
des were cleaned with a brush to remove the oxide layer and then
rolled out using a clean polypropylene bag to smooth the surface.
CR2032 coin cells were assembled in an argon-filled glovebox.
Cycling measurements were carried out using a Biologic

potentiostat in a temperature chamber set to 70 °C. A current of
50 μA/cm2 was applied for 30 min and then reversed. Impedance
measurements were taken every 10 cycles with an AC voltage of 10
mV and a frequency range between 7 MHz and 0.1 Hz.
2.5. Transference Number Measurements. Transference

number measurements were taken using the Bruce and Vincent
method with a Biologic SP-300.43 The symmetric cells were cycled at
0.01 mA/cm2 for 4 h for each charge/discharge segment to stabilize
the interface between the polymer and the lithium metal.44 After
cycling, the impedance was measured, and then the cell was polarized
for 10 h at 10 mV, after which the impedance was measured again.
The impedance of the cells was taken between 7 MHz and 0.1 Hz
with an amplitude of 10 mV. The steady-state transference number
(tSS

+) was then calculated using eq 1, where R0 is the resistance
measured prior to applying the potential (ΔV), I0 is the initial current
measured at the beginning of the polarization, and ISS and RSS are the
steady-state current and resistance measured after polarization,
respectively.

=
Δ −

Δ −
+ i

k
jjjjj

y
{
zzzzzt

I
I

V I R
V I RSS

SS

0

0 0

SS SS (1)

2.6. Raman Spectroscopy. Raman spectra were taken using a
confocal Raman microscope (WITec, Alpha 300) with a 20×
objective lens and a 532 nm wavelength laser. The grating was set
to 1800 grooves/mm, and the local laser power was measured to be
around 500 μW using a digital meter (Thorlabs, PW100D). Total
sample exposure time was 90 s.
2.7. Differential Scanning Calorimetry (DSC). Calorimetry

measurements were taken using a TA Instruments Q100 DSC. The
samples were loaded into aluminum pans and crimped in an argon-
filled glovebox. The samples contained at least 5 mg of polymeric
material. For each measurement, the sample was equilibrated at −80
°C under a nitrogen flow of 50 mL/min. The temperature was then
increased to 150 °C at a scan rate of 5 °C/min. After a 5 min hold at
150 °C, the temperature was decreased to −80 °C and increased
again to 150 °C at the same scan rate. The second cycle was used to
calculate the glass transition temperature (Tg) of the sample.
2.8. Physical Properties. Dynamic mechanical analysis (DMA)

measurements were performed on the plasticized films using a TA

Instruments RSA-G2 solid analyzer. A small tensile strain of 0.1−0.3%
was applied at 10 Hz. Measurements were taken between 20 and 90
°C under nitrogen flow. The densities of the polymers and composites
were measured in the dry state using a gas pycnometer (Micromeritics
AccuPyc II 1340) under helium gas at 20 °C. Samples were sealed
inside the glovebox to minimize air exposure during the transfer to the
instrument.

2.9. Scanning Electron Microscopy/Energy-Dispersive X-ray
Spectroscopy (SEM/EDS). SEM/EDS measurements were taken
using a TM3030Plus Tabletop Microscope from Hitachi. The
accelerating voltage used was 15 kV, and the images were taken
using both secondary electrons (SE) and backscattering electrons
(BSE).

3. RESULTS AND DISCUSSION
3.1. Film Preparation and Physical Properties. We

prepared SIC polymers by cross-linking the ion-transporting
component, PEGDMA, with ion-containing monomers, STFSI
and SS. The chemical structures of these components are
shown in Figure 1a. A previous study has shown that the highly

dissociable STFSI anion has significantly increased ionic
conductivities compared to the hard SS anion.9 This is related
to the electron-withdrawing groups on the STFSI anion along
with the increased flexibility of the anion itself. As a parallel
comparison, we also prepared non-SIC polymer electrolytes by
cross-linking PEGDMA with the presence of free LiTFSI salt.
These samples are coded and listed in Table 1. The details of
the synthesis and film fabrication are described in the
Experimental Section. The [EO]:[Charge] ratio was kept
constant at 45 as previous work found this ratio to be highly
conductive.9

The model ceramic we chose to use in this work is a Li+-
conducting LATP type ceramic, LICGC. This ceramic
electrolyte has high room-temperature ionic conductivity (1
× 10−4 S/cm), and it is stable in air and water. The ceramic
was incorporated into the electrolyte films before the cross-
linking step (see the Experimental Section). The addition of 50
wt % ceramic into the polymer electrolyte resulted in an

Figure 1. (a) Chemical structures of polymer electrolytes synthesized
in this work. (b) Photograph of the cross-linked PEGDMA-co-STFSI
film without ceramic. (c) Photograph of composite PEGDMA-co-
STFSI with 50 wt % LICGC. (d,e) SEM images of PEGDMA-co-
STFSI with 50 wt % LICGC: (d) 1000× magnification; (e) 5000×
magnification.
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opaque and flexible film with significantly enhanced handle-
ability and decreased brittleness (Figure 1c). Without the
ceramic, the polymer films are prone to tear and sticking to
themselves (Figure 1b). In other words, the processability of
the composite is enhanced compared to that of the neat
polymer electrolyte. The storage moduli of TEGMDE-
plasticized PEGDMA-co-STFSI polymers with and without
the LICGC particles were obtained by performing DMA
measurements (results shown in Figure S2). The composite
polymer electrolyte (CPE) shows an increased modulus
compared to the pristine polymer electrolyte. SEM images of
the composite electrolytes were taken to confirm that the
ceramic particles were well dispersed throughout the polymer
matrix, shown in Figure 1d,e. Figure S3 shows the
corresponding EDS mapping of Figure 1e.
The densities of polymer electrolytes and composite

electrolytes with 50 wt % ceramic were measured using a gas
pycnometer. As shown in Table 1, the addition of 50 wt %
ceramic particles significantly increased the density of the
composites, by approximately 50% compared to the polymer
electrolyte (PE) with either the free salt or covalently bound
salt. The increase in density from the cross-linked PEGDMA
polymer matrix is slightly greater for the PE with the bound
anion (STFSI) than with the free anion (TFSI), likely related
to the disruption of the PEGDMA matrix to adjust for the
covalently bound anion and greater mass of the anion. Using
the density of LICGC ceramic (3.05 g/cm3)20 and assuming
that the primary particles are non-porous and incompressible,
we calculated the volume fractions of the ceramic in
xPEGDMA with LiTFSI and PEGDMA-co-STFSI to be 34.5
and 36.4%, respectively.
3.2. Ionic Conductivity. Ionic conductivity measurements

of the dry polymer and composite polymer films were taken
between 20 and 80 °C, shown in Figure 2a. The error range
was calculated based on repeats of 2−3 samples. In our
previous studies of composite polymer electrolytes, the
addition of ceramic particles to the polymer matrix lowered
the conductivity compared to the pristine non-SIC polymer
electrolytes containing LiTFSI and lithium trifluoromethane-
sulfonate (LiTf) salts.20,31 We see this again in the polymer
matrices with the free LiTFSI salt and with the hard covalently
bound SS anion. However, evident from Figure 2a, the
addition of the ceramic particles does not lower the
conductivity in the case of the highly dissociable STFSI
anion. The SIC polymers and composites have decreased
conductivity compared to the LiTFSI-containing polymer and
composite electrolyte, which is expected as both the cation and
anion are mobile in the latter. The conductivity of the dense
LICGC plate is also displayed in Figure 2a, which is 3−4
orders of magnitude higher than the SIC polymers.

The ionic conductivity of a mixed material may be calculated
using the following first-order equation. This first-order
approximation ignores any tortuosity within the polymer
network.

σ ϕ σ ϕ σ= +CPE polymer 0,polymer ceramic ceramic (2)

In eq 2, σCPE is the experimentally measured ionic
conductivity of the composites and ϕpolymer and ϕceramic are
the volume fractions of the polymer and the ceramic,
respectively. ϕceramic was calculated from gas pycnometry
results, as shown in Table 1. σ0,polymer and σceramic are the
intrinsic ionic conductivities of the polymer and the ceramic,
respectively. If the ceramic particles participated in ion
conduction in the composites, according to eq 2, the
conductivity of the composites would be between 5 × 10−5

and 4 × 10−4 S/cm in the measured temperature range. The
actual measured conductivity of the composites regardless of
the polymer matrix chemistry was at least 1 order of magnitude
smaller than that. Therefore, our results indicate that the
ceramic particles most likely did not actively participate in ion
conduction in these composites. This assumption is further
corroborated by our past works, where we used combined EIS

Table 1. Measured Densities of Polymers with and without a
Tethered Anion and with and without LICGC Particles

sample density (g/cm3)
% increase from
xPEGDMA

vol % of
LICGC

xPEGDMA 1.333 ± 0.069 N/A N/A
xPEGDMA with LiTFSI 1.422 ± 0.004 6.6% N/A
xPEGDMA with LiTFSI
and LICGC

2.104 ± 0.002 57.8% 34.5%

PEGDMA-co-STFSI 1.474 ± 0.002 10.6% N/A
PEGDMA-co-STFSI
with LICGC

2.223 ± 0.006 66.7% 36.4%

Figure 2. (a) Conductivity of polymer and composite electrolytes as a
function of inverse temperature in the dry state and (b) intrinsic
conductivity of the polymer phase in the composite electrolytes as a
function of inverse temperature, compared to the measured
conductivity of the polymer electrolytes without ceramic.
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and quasi-elastic neutron scattering and discovered that there
was a large interfacial resistance between the polymer and
ceramic phases that did not allow for facile ion transport
between the ceramic and the polymer.30,31

We then assume that the second term in eq 2 can be
eliminated as the ceramic’s effective conductivity is zero.31 The
ionic conductivity may be approximated using the first term of
the equation, shown in eq 3.

σ ϕ σ=CPE polymer 0,polymer (3)

Using ϕpolymer = 1 − ϕceramic, we can estimate the intrinsic
ionic conductivity of the polymer phase in the composite. In
Figure 2b, we plot σ0,polymer in the three composites and
compare them with their respective neat polymer electrolyte.
Evidently, σ0,polymer in the non-SIC polymer containing the free
LiTFSI was only ∼30% of the conductivity of the neat
polymer. This is consistent with our previous studies.31,32

In contrast, σ0,polymers in SIC-polymer-based composites
show a different trend. σ0,polymer in the SS-containing SIC
composite is on average 85% of the conductivity of the neat
polymer, which is lower than the neat polymer, but an increase
compared to the non-SIC case. Furthermore, σ0,polymer of the
STFSI-containing SIC composite is on average 210% of the
conductivity of the neat PEGDMA-co-STFSI. This systematic
comparison revealed that the addition of high loadings of
LICGC ceramic can enhance the ionic conductivity of the SIC
polymer containing highly dissociable anions. The underlying
mechanism of this intrinsic conductivity enhancement will be
discussed later.
When the polymers and the composites were plasticized

with TEGDME, as shown in Figure 3, the ionic conductivity
increased compared to that of the dry state. This is likely due
to a combination of mechanisms, such as an increase of Li+

dissociation in the polymer, increased segmental dynamics, and
change of the ion transport mechanism from hopping to
vehicular transport. Interestingly, the conductivity of the SIC
systems was the same for the composite and the pristine
polymer electrolyte. When comparing the molar conductivities
of the electrolytes, the LICGC-containing composite with the
SS anion had a slightly increased conductivity (average 9%)
compared to the neat polymer. The molar conductivity of the
composite with the STFSI anion had a further increase, 40%
on average, compared to that of the corresponding polymer.
This indicates that the solvent must help dissociate the cations
and the primary transport mechanism is vehicular for both
cases. The conductivities at 70 °C in the dry and plasticized
states and calculated activation energies of the polymers and
the composites are tabulated in Table 2.
The glass transition temperatures (Tg) of the polymers and

composites in the dry state, determined from DSC measure-
ments, are also tabulated in Table 2. The DSC thermograms
are shown in Figure S4. Tg did not significantly change with the
addition of the ceramic particles. The Tg of the TEGDME-
plasticized samples could not be measured as the crystal-
lization/melting dynamics of the TEGDME (−45 °C) masked
the region in which the Tg would be observed.
3.3. Ceramic Loading and Ceramic Material. The

ceramic loading was varied for the PEGDMA-co-STFSI matrix
to determine if the conductivity could be further improved,
shown in Figure 4a. We observed an increase in the ionic
conductivity for the composites containing 30 and 50 wt %
LICGC, corresponding to 16 and 36 vol %, respectively. At 70
wt % or 53 vol %, the conductivity of the composite decreased

compared to that of the neat PEGDMA-co-STFSI. In Figure
4b, we plot the intrinsic conductivity of the polymer phase, σ0,
in each composite using eq 3 and compare it with the neat
polymer. Evident from Figure 4b, σ0 increased in the entire
investigated ceramic loading range, further confirming the
positive effects of LICGC ceramic on the ion transport of the
STFSI-containing SIC polymer. The change in σ0 as a function
of ceramic loading was not monotonic: as ceramic loading
increases, σ0 first increased as more interfacial interactions with
the ceramic are favorable for ion transport in the polymer
matrix. As the ceramic loading further increased to greater than
50 vol %, the polymer phase may have become too tortuous
and lost a continuous path for ion conduction, and σ0 thus
decreased.
To determine if we would see the same effect with other Li+-

conducting ceramics, we also made electrolytes with
amorphous lithium lanthanum titanate (LLTO). Amorphous
LLTO was used instead of lithium lanthanum zirconium oxide
(LLZO) due to its increased stability in ambient conditions.
Compared to crystalline LLTO, amorphous LLTO presents
two main advantages.45 First, due to its open disordered and
isotropic structure, amorphous LLTO has good ionic
conductivity and minimized grain boundary effects. Second,
the electrochemically stable voltage window is high (up to 12
V) in direct contact with lithium metal. Two polymer matrices
were used for the incorporation of LLTO, the non-SIC

Figure 3. (a) Conductivities of polymers and composites plasticized
with TEGDME. (b) Molar conductivity of single-ion-conducting
polymers with and without LICGC particles.
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polymer electrolyte xPEGDMA with LiTFSI, and the SIC
polymer PEGDMA-co-STFSI. The LLTO loading in both
composites was kept at 50 wt %. The results are shown in
Figure 4c. Similar trends to LICGC were observed: the
addition of LLTO decreased the ionic conductivity of the
composite with the non-SIC polymer matrix, whereas the ionic
conductivity increased for the SIC polymer matrix. Comparing
LLTO with LICGC, the LLTO-containing composite electro-
lytes have lower activation energies in both polymer matrices,
which led to a higher room-temperature conductivity. This
comparison suggests that the positive effect of the ceramic on
the conductivity of the SIC polymer is not limited to LATP
type ceramic.
3.4. Symmetric Cell Cycling and Transference

Number. To gauge the ability of the polymer and composite
polymer electrolytes to plate and strip lithium, the LiTFSI- and
the STFSI-containing polymers and composites were cycled at

50 μA/cm2 at 70 °C. For this study, we used composites
containing 50 wt % LICGC (before plasticization). Each
polymer/composite was plasticized with TEGDME to decrease
the resistance across the cell. Due to the single-ion conductor’s
lower conductivity, the overpotential was increased compared
to that of the free salt case, as shown in Figure 5.
Impedance measurements were taken every 20 cycles

between 1 MHz and 0.1 Hz with an amplitude of 10 mV.
Figure S5 shows the impedance change from the cycling of the
STFSI-containing polymers. Although the composite polymer
electrolytes have a greater overpotential initially, the over-
potential appears to stabilize whereas the overpotential of the
pristine polymer continues to increase. From the impedance
spectra, the interfacial impedance increase with cycling is more
significant for the pristine polymers without the added ceramic.
This suggests that a passivation layer is forming at the interface
while cycling. Because the increase is greater for the pristine

Table 2. Glass Transition Temperatures, Tg, Conductivities at 70 °C, and Activation Energies for the Polymer Systems Studied
Dry and in TEGDME

polymer Tg (K) σ (dry) at 70 °C (S/cm) Ea (dry) (eV) σ (TEGDME) at 70 °C (S/cm) Ea (TEGDME) (eV)

xPEGDMA LiTFSI 227.6 1.2 × 10−5 0.48 9.9 × 10−5 0.28
xPEGDMA LiTFSI 50 wt % LICGC 227.1 3.0 × 10−6 0.55 4.8 × 10−5 0.27
PEGDMA-co-LiSTFSI 233.3 9.2 × 10−7 0.54 9.5 × 10−6 0.34
PEGDMA-co-LiSTFSI 50 wt % LICGC 235.0 1.6 × 10−6 0.63 9.0 × 10−6 0.31
PEGDMA-co-LiSS 225.6 9.6 × 10−8 0.50 3.6 × 10−7 0.28
PEGDMA-co-LiSS 50 wt % LICGC 226.7 3.5 × 10−8 0.42 2.3 × 10−7 0.34

Figure 4. (a) Dry-state conductivity as a function of inverse temperature for the pristine polymer electrolyte and various loadings of LICGC
ceramic particles. (b) Intrinsic conductivity of the polymer phase in the composite electrolytes as a function of inverse temperature, at various
LICGC loadings. (c) Dry-state conductivity as a function of 1000/T for the pristine polymer electrolytes with LICGC particles and with LLTO
particles.
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case, the instability is likely caused by either the polymer
chemistry or the TEGDME.
The measured transference numbers for LiTFSI- and STFSI-

containing polymers and composites are tabulated in Table 3,

and the impedance spectra and polarization are shown in
Figures S6 and S7. The non-unity transference number
measured for the single-ion conductors is likely due to
impurities present in the electrolyte or solvent. The trans-
ference number doubles with the addition of the LICGC
particles for the polymer containing free LiTFSI. The reason
for the transference number increase will be explained shortly.
3.5. Ion Association. In the last part of the study, we

discuss the effect of LICGC ceramic on the ion association of
the LiTFSI-containing non-SIC composite and the STFSI-
containing SIC composite. In order to understand this effect,
we quantified the percentage of coordinated TFSI/STFSI
anions via Raman spectroscopy, shown in Figure 6. The CF3
peak around 745 cm−1, referred to as the “TFSI breathing
stretch”, can be used to approximate the dissociated/associated
TFSI.9,11,46−48

In the case of the pristine polymer electrolyte with LiTFSI,
shown in Figure 6a, a single peak is observed at 742 cm−1,
suggesting that the TFSI anion is in a completely dissociated
state when dissolved in xPEGDMA.49 In contrast, with the
addition of the LICGC particles, a shoulder forms at an
increased wavenumber, around 750 cm−1, suggesting that a
percentage of the TFSI anions are associated in the composite
(Figure 6b). Through peak fitting and integration, we
determined that in the xPEGDMA + LiTFSI + 50 wt %
LICGC composite, 58% of the TFSI anions are associated.
In previous works, we conducted quasi-elastic neutron

scattering (QENS) and solid-state nuclear magnetic resonance
(NMR) experiments to investigate the salt−polymer−ceramic
three-body interactions in LICGC-containing non-SIC com-
posite electrolytes.31,32 We discovered that the segmental
mobility of the polymer (poly(ethylene oxide) in these studies)
as well as the cation (Li+) and anion mobilities all decreased
with the addition of the ceramic. This was attributed to the
strong affinity between the lithium salt and the ceramic surface,
leading to reduced polymer segmental mobility and ion
mobilities at the polymer−ceramic interface. Moreover, the
ceramic surface primarily interacted with the anions dissolved
in the polymer. The Raman results presented in Figure 6a,b are
consistent with our previous findings as the data suggests that
58% of the TFSI anions are coordinated with the LICGC
ceramic. The Raman results also explain why a 100% increase
in the Li+ transference number was achieved with the
incorporation of LICGC ceramic into xPEGDMA + LiTFSI.
The decrease in conductivity in the composite compared to the
neat polymer electrolyte is primarily the result of decreased

Figure 5. Symmetrical cell cycling of Li/Li cells with (a) composite and pristine xPEGDMA with LiTFSI and (b) corresponding detailed cycling
from 40 to 45 h. (c) Composite and pristine PEGDMA-co-STFSI and (d) corresponding detailed cycling from 40 to 45 h.

Table 3. Tabulated t+ Values of the Polymer and Composite
Electrolytes Swelled in TEGDME

polymer (plasticized with TEGDME) measured t+

PEGDMA-co-STFSI 0.90
PEGDMA-co-STFSI with LICGC 0.88
xPEGDMA with LiTFSI 0.26
xPEGDMA with LiTFSI and LICGC 0.58
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anion conductivity, whereas the Li+ conductivity was largely
unaffected, as Figure S8 shows.
In the case of the STFSI-containing SIC polymer without

ceramic particles, shown in Figure 6c, approximately 70% of
the STFSI anions are associated, indicating that in the pristine
polymer, the majority of STFSI anions and the lithium cations
are tied together. For a single-ion conductor, the Li+

transference number approaches unity as the anion is
covalently bound to the polymer and is subsequently
immobilized. Therefore, the measured conductivity is propor-
tional to the number of lithium ions that are not coordinated
with the anion. The cations that are coordinated with the anion
will have a lower degree of ionic mobility and will contribute
less to the measured ionic conductivity.48 With the addition of
the ceramic particles, the ratio of coordinated STFSI anions
increased to approximately 93%, shown in Figure 6d.
Considering the increase in conductivity observed in the SIC
composite in the dry state, this result suggested that the STFSI
anion is able to coordinate with the LICGC particles. The
ability of the STFSI anion to coordinate with the LICGC
particles in turn helps to increase the degree of Li+ dissociation,
effectively increasing the number of mobile charge carriers in
the polymer, thereby increasing the conductivity. The
complete Raman spectra are shown in Figure S9.
We now make a comparison of the effect of ceramic addition

to the two SIC polymer matrices. In the dry case, in both SIC
composites, the ceramic competes with the counter ion (Li+)
in coordinating with the anions. The SS anion is less flexible,
and thus, Li+ is less dissociable. Recall that the SS-containing
SIC composite exhibited a decrease in conductivity with the
addition of the ceramic particles, but the extent of the decrease
was less than that of the non-SIC case. This suggests that the

SS anions do not interact strongly with the ceramic particles,
and hence, most Li+ counter ions remain bound to SS−. In
contrast, the STFSI anion is highly flexible and Li+ is easier to
dissociate than the SS case. Therefore, in the STFSI-containing
SIC composite, the ceramic is able to coordinate with STFSI−

and free up the Li+.
When the plasticizer TEGDME was added to the composite,

the activation energy decreased to about half (Table 2). We
deduced that TEGDME helps dissociate the Li+ and the
primary transport mechanism is vehicular. With the addition of
LICGC, the overall conductivity remained the same compared
to the neat SIC polymers, while Li+ molar conductivity
increased in both the SS- and the STFSI-containing
composites. This suggests that with the help of TEGDME,
the ceramic is able to coordinate with both the flexible and
nonflexible anions and free up more Li+. From the above
discussion, when considering design strategies for SIC
composites, using a more flexible anion in the polymer
chemistry or adding a cation dissociating agent (such as
TEGDME plasticizer) is beneficial.
Last, we comment that with or without the TEGDME

plasticizer, our data do not support facile ion transport across
the polymer−ceramic interface; i.e., we do not have evidence
indicating that the ceramics are actively contributing to ion
conduction in SIC composites. Although the Li+ transfer
activation barriers are greatly reduced with the presence of
TEGDME, additional factors such as ceramic particle surface
composition may play a role in hindering the ion transport
between the two materials.

Figure 6. Fitting of the Raman spectra of the TFSI breathing stretch for dry-state (a) xPEGDMA with LiTFSI, (b) xPEGDMA with LiTFSI and
LICGC ceramic particles, (c) PEGDMA-co-STFSI, and (d) PEGDMA-co-STFSI with LICGC ceramic particles.
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4. CONCLUSIONS

In this work, we investigated the effects of Li+-conducting
ceramic particles, LICGC and LLTO, on the physical, thermal,
mechanical, ion transport, and electrochemical properties of
single-ion-conducting composites in which the anions are
covalently bound to the polymer chains. We discovered that in
the dry state, with the addition of ceramics, the intrinsic ionic
conductivity of the SIC polymer increased. This is true even at
high loadings of ceramic (>50 vol %). Raman spectroscopy
revealed that STFSI anions in the SIC polymer can coordinate
with the ceramic. This coordination led to increased Li+

dissociation in single-ion conductors, which is the root cause
of the conductivity enhancement observed. In contrast, the
addition of LICGC into the non-SIC polymer electrolyte
caused a significant decrease in the intrinsic ionic conductivity
of the polymer phase, an observation consistent with our
previous reports, although the decrease in conductivity is offset
by an increase in the Li+ transference number.
Lithium symmetrical cell cycling with the SIC and non-SIC

polymers and composites was evaluated. The overpotential and
interfacial impedance with Li showed improved stability with
the presence of LICGC ceramic, compared to the pristine
polymers, in both the SIC and non-SIC systems.
Overall, our study shows that the addition of moderate

loadings (50 wt %, ∼35 vol %) of Li+-conducting ceramics into
single-ion-conducting polymers is beneficial. They improve the
conductivities of the polymers, the processability of the
electrolyte films, and cyclability. Using this strategy, the
ceramic size, ceramic surface chemistry, morphology, and
spatial distribution of SIC composites may be optimized to
maximize the positive effects of these ceramics.
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