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in a representative ceramic–
polymer–plasticizer composite electrolyte:
Li7La3Zr2O12–polyethylene oxide–tetraethylene
glycol dimethyl ether†

Jin Zheng,a Heather Dang,a Xuyong Feng,a Po-Hsiu Chiena and Yan-Yan Hu *ab
Ceramic–polymer hybrids carry the promise of forming composite

electrolytes with high ionic conductivity, good stability and compati-

bility with electrodes, and excellent mechanical properties that cannot

be achieved with conventional ceramic or polymer ion conductors.

Small molecule additives often further enhance ion conduction.

This work employs a representative composite comprising a ceramic

Li-ion conductor, garnet-type Li7La3Zr2O12 (LLZO), a polymer Li-ion

conductor, polyethylene oxide (PEO), and an additive, tetraethylene

glycol dimethyl ether (TEGDME). All the Li sites in bulk LLZO, PEO, and

TEGDME, and at the interfaces of PEO/LLZO, PEO/TEGDME, and

LLZO/TEGDME, have been clearly identified with high-resolution Li

NMR. It is determined using the 6Li/ 7Li isotope replacement strategy

that Li-ion transport in this composite occurs mainly via TEGDME-

associated phases. Changes in the bulk and interfacial structures of the

composite will likely alter Li-ion pathways and thus lead to variation in

ionic conductivity. As an example, the composite structure evolves

over time, which results in a decrease in active Li sites and degradation

of ionic conductivity.

Introduction

Li-ion batteries (LIBs) are crucial components in a wide range of
technologies, from portable electronic devices and electric
vehicles to large-scale energy storage systems.1,2 Since LIBs were
rst commercialized in 1991 by Sony in Japan, developing
suitable electrolytes for LIBs with high energy density, long
lifespan, and high safety has been a long-term challenge.3,4 In
conventional LIBs, liquid electrolytes are widely used, which are
Li salts dissolved in organic solvents. However, because of their
inadequate chemical stability, liquid electrolytes cause
severe safety issues, notably corrosion and ammability.5

Another associated problem is Li dendrite formation during
, Florida State University, Tallahassee, FL
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tion (ESI) available. See DOI:

hemistry 2017
charge–discharge cycling, which results in internal short
circuits and becomes the ash point of explosion.6,7

A promising strategy to solve these problems is to replace
liquid electrolytes with nonammable solid electrolytes (SEs).
Currently, there are three classes of SEs: inorganics (ceramics
and glasses), polymers, and composite electrolytes.8,9 Inorganic
electrolytes exhibit high ionic conductivity (10�2–10�4 S cm�1 at
room temperature),10–12 but they are rigid and brittle, resulting
in poor contact with electrodes and mechanical failure.13–15

Polymer electrolytes are exible, but their low conductivity
(<10�6 S cm�1) at ambient temperature and poor stability at
high temperatures limit their utilization in LIBs.16,17 Composite
electrolytes combine the advantages of both organics and
inorganics, carrying the promise of forming systems with high
ionic conductivity, good stability, and favorable mechanical
properties.18–21

Despite the fact that composite electrolytes may provide
a solution to the inherent problems associated with inorganic
or organic solid electrolytes, nding the best combination and
engineering them to obtain optimal properties are not trivial.
Inorganic electrolytes require compact packing to deliver high
ionic conductivity, and incorporating polymers into them oen
reduces the packing density, disrupts the conduction network,
and limits the material processing temperature. Integrating
a small amount of inorganic llers into polymer electrolytes has
been proven to signicantly improve their conductivity and
stability.20,22–24 Small molecular additives are oen employed to
further enhance the ionic conductivities of SEs. For instance,
adding plasticizers is one of the most common approaches,
which can decrease the crystallinity of polymers and thus
increase the mobility of Li ions in the electrolytes. Plasticizers,
such as tetraethylene glycol dimethyl ether (TEGDME), ethylene
carbonate (EC) and succinonitrile (SN), have successfully
increased the ionic conductivity of polymer and composite
electrolytes by orders of magnitude.25–28

The synergistic combination of ion conducting polymers and
inorganics with additives leads to a highly promising solution
for fullling all the requirements for the next generation of solid
J. Mater. Chem. A, 2017, 5, 18457–18463 | 18457
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electrolytes. However, current composite systems are far from
ideal. Developing effective strategies for further performance
enhancement necessitates a fundamental understanding of
how the composites work to achieve high conductivity and
stability and good mechanical properties. It is particularly
critical to elucidate what roles each component plays in ion
conduction.

In this contribution, we choose a representative system of
composite electrolytes, LLZO–PEO (LiClO4)–TEGDME, to illus-
trate the part that each component plays to form the Li-ion
transport pathways. In addition, the stability of the composite
electrolyte is also examined. The approach employed in this
study is high-resolution solid-state nuclear magnetic resonance
(NMR) combined with 6Li / 7Li isotope replacement.29,30

High-resolution 6Li NMR identies all the local environments in
LLZO, PEO, TEGDME and interfaces where Li ions reside and
Li-ion dynamics within these local structures. Isotope replace-
ment NMR maps the Li-ion movement through these local
environments to form a transport pathway. Stability studies
have shed light on the evolution of structure and composition
over time, and the associated performance degradation of the
composite electrolyte. The results provide insights into the
functional components in the complex composite electrolytes
for fast ion-conduction. The new knowledge obtained here will
be useful for materials design, synthesis, and engineering to
obtain high performance electrolytes used in energy storage
technologies.
Experimental methods
Synthesis of cubic-LLZO

Al-doped cubic-LLZO was synthesized using the sol–gel method.
The starting materials, LiOH (Sigma Aldrich, 98%), La(NO3)3-
$6H2O (Alfa Aesar, 99.9%), Zr(OC4H9)4 (Sigma Aldrich, 80 wt%
in 1-butanal), Al(NO3)3$9H2O (Alfa Aesar, 98%), and citric acid
(Sigma Aldrich, 99%), were dissolved in dilute HNO3. The molar
ratio of Li : La : Zr : Al : citric acid in the solution was
8.4 : 3.0 : 2.0 : 0.2 : 5.0. 20 wt% excess LiOH was added to
compensate for the loss of Li during the heating process. Citric
acid was used as a complexing agent. The solution was stirred
and heated at 80 �C overnight to gradually remove water and
then dried at 200 �C for 2 h. A solid, white foam was obtained
and crushed into powders, which were calcined at 290 �C for
2 h. The black powders were then sintered at 900 �C for 8 h.
Preparation of composite lms

The 40 wt% LLZO–40 wt% PEO (LiClO4)–20 wt% TEGDME
composite electrolyte was prepared by a solution casting
method. Polyethylene oxide (PEO) (Sigma Aldrich,Mw: 400 000),
LiClO4 (Sigma Aldrich, 98%), and tetraethylene glycol dimethyl
ether (TEGDME) (Sigma Aldrich, 99%) were carefully dried and
dissolved in anhydrous acetonitrile at an [EO] : [Li] ratio of
18 : 1. The solution was stirred in an argon-lled glovebox for
24 h and mixed with the as-prepared cubic-LLZO. The mixture
was ball-milled for 2 h to obtain a homogenous slurry and cast
on a at Teon plate using a doctor blade. To evaporate the
18458 | J. Mater. Chem. A, 2017, 5, 18457–18463
solvent, the slurry was dried in the glovebox for 12 h. The
thickness of the obtained composite lm ranged from 50 to
70 mm.

Electrochemical tests

The composite lm was stored inside an argon-lled glovebox,
without contact with Li metal. Samples were extracted from the
same lm 0, 2, 5, 10, and 20 days aer it was made. The
extracted samples were then assembled with Li metal for
impedance tests. The contact time of the electrolyte with Li
metal was about the duration of the impedance measurements.
Therefore, the Li/electrolyte interfacial conditions were
expected to be the same for all the measurements, which was
conrmed by the very similar interfacial resistance values
(Table S4†). The AC impedance measurements were performed
on a Gamry Reference 600+ with an AC amplitude of 100 mV in
the frequency range of 5 MHz to 1 Hz. The ionic conductivity of
the composite electrolytes was calculated using the following
equation: s ¼ L/(Rb � A), where L is the thickness of the
composite lm, Rb is the bulk resistance and A is the contact
area between the electrolyte and the electrode.

Isotope exchange
7Li/ 6Li isotope exchange for determining the Li-ion transport
pathways was performed as described in the following: a biased
potential was applied to a symmetric cell made with 6Li-
enriched Li metal foil as the electrodes, 6Li|LLZO–PEO
(LiClO4)–TEGDME|6Li, to drive 6Li ions from one 6Li electrode
to exchange with 7Li in the composite electrolyte before reach-
ing the other 6Li electrode. The direction of the applied poten-
tial was switched at 5 min intervals. A constant current density
of 7.2 mA cm�2 was used. The test was carried out on a LANHE
(CT2001A) battery testing system.

NMR characterization

Solid-state 6Li and 7Li NMR experiments were carried out on
a Bruker Avance III-500 spectrometer operating at 6Li and 7Li
Larmor frequencies of 73.6 and 194.4 MHz. 6,7Li Magic-Angle
Spinning (MAS) measurements were performed with a 2.5 mm
Bruker HXY probe and the samples were spun at 25 kHz for
direct polarization and 10 kHz for 1H–6,7Li cross polarization.
The lengths of 90� NMR radio frequency pulses were 4.75 ms for
6Li, 2.00 ms for 7Li, and 2.55 ms for 1H. The recycle delays were 50
s for 6,7Li. LiCl (s) with a 6,7Li resonance at 0 ppm was used as
the chemical shi reference.

Results and discussion

Fig. 1a schematically shows the preparation process of the
composite electrolyte, LLZO–PEO (LiClO4)–TEGDME. The
detailed procedure is described in the Experimental section.
The obtained composite electrolyte is a exible lm with
a thickness of 50–70 mm, containing 40 wt% LLZO, 40 wt% PEO
and 20 wt% TEGDME. The composite electrolyte, LLZO–PEO
(LiClO4)–TEGDME, is depicted as LLZO particles distributed
within the PEO polymer matrix. The LLZO–PEO interface is
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Preparation of the LLZO–PEO (LiClO4)–TEGDME composite
film; (b) 6Li MAS NMR spectra of (from top to bottom) LiClO4 dissolved
in TEGDME, PEO (LiClO4)–TEGDME, pure cubic LLZO, LLZO mixed
with TEGDME, and LLZO–PEO (LiClO4)–TEGDME.

Fig. 2 (a) 6Li direct polarization (DP) NMR spectrum, simulation,
assignments and quantification results of the LLZO–PEO (LiClO4)–
TEGDME composite; (b) 1H–6Li cross polarization (CP) NMR spectra of
the LLZO–PEO (LiClO4)–TEGDME composite with various CP contact
times.
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also shown. The TEGDME additive is distributed within the
LLZO–PEO composite. To understand the structure of the
complex composite LLZO–PEO (LiClO4)–TEGDME, high-reso-
lution solid-state 6Li MAS NMR was employed to examine all
constituents individually and their combinations, as shown in
Fig. 1b. The 6Li NMR spectrum of LiClO4 dissolved in TEGDME
shows a resonance at 0 ppm. LiClO4 in the PEO–TEGDME
matrix exhibits a relatively sharp peak at 0.4 ppm. The 6Li NMR
signal of pure cubic-LLZO is seen at 2.4 ppm. When LLZO is
mixed with TEGDME, in addition to the 2.4 ppm resonance, two
new peaks at 1.2 and 1.8 ppm appear and are assigned to Li at
the LLZO–TEGDME interface and decomposed LLZO dissolved
in TEGDME. When LLZO particles are dispersed in TEGDME,
the colour of the mixture turns from transparent to yellowish,
suggesting decomposition of LLZO in TEGDME. The assign-
ment of decomposed LLZO is further supported by a series of
ball-milling experiments (Fig. S1†). The 1.2 ppm resonance
grows more intense when the ball-milling speed and duration
increase during the LLZO–PEO (LiClO4) composite preparation.
This decomposed LLZO phase shows a much longer 7Li T1
relaxation time (�11.3 s) compared with LLZO (�1.1 s) (Fig. S2
and Table S1†), suggesting that they are not spatially close;
otherwise spin exchange would occur to homogenize the T1
This journal is © The Royal Society of Chemistry 2017
relaxation times. It is worth mentioning that the decomposed
LLZO plays an important role in Li-ion transport, which will be
discussed later. The interfacial Li resonance at 1.8 ppm will be
further validated using data presented in Fig. 2. In the 6Li NMR
spectrum of LLZO–PEO (LiClO4)–TEGDME, the signal from
LiClO4 in TEGDME is still around 0 ppm, but becomes much
broader compared with that of LiClO4 in pure TEGDME. The
large breadth of the resonance results from a broad distribution
of solvated environments. The LLZO absorbs a fraction of added
TEGDME, reducing the ratio of TEGDME to PEO. It is known
that TEGDME has been used as an important plasticizer in PEO
polymer electrolytes to prevent PEO crystallization. Themobility
of TEGDME within the PEO matrix will be slower than that of
J. Mater. Chem. A, 2017, 5, 18457–18463 | 18459
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pure TEGDME; thus the motional averaging of the anisotropy
from various solvated Li environments is less efficient than that
in pure TEGDME, leading to a broader resonance in 6Li NMR.
The LLZO and PEO/LLZO interface resonances remain approx-
imately the same as those in LLZO–TEGDME. The resonance
from decomposed LLZO in TEGDME shis slightly to a lower
eld with a larger ppm value, likely due to the participation of
the PEO matrix. The increased intensity suggests more LLZO
decomposition, possibly from the mixing process by ball-
milling.

Fig. 2a presents simulations, assignments, and quantica-
tion results of 6Li direct polarization (DP) NMR for LLZO–PEO
(LiClO4)–TEGDME. Detailed analysis of the spectrum shows 5
distinct components: cubic-LLZO at 2.4 ppm, the PEO/LLZO
interface at 1.8 ppm, decomposed LLZO in TEGDME at 1.2 ppm,
LiClO4 in the PEO/TEGDME complex at 0.2 ppm, and LiClO4 in
TEGDME at 0.0 ppm. Quantication based on the area integrals
of the simulated NMR resonances shows 52.9 mol% Li from
LLZO, 10.0 mol% Li at the PEO/LLZO interface, 21.0 mol% Li
from LLZO in TEGDME, 6.0 mol% Li from LiClO4 in the PEO/
TEGDME complex, and 10.1 mol% Li from LiClO4 in TEGDME.
To further probe interfacial Li ions in LLZO–PEO (LiClO4)–
TEGDME, 1H–6Li cross polarization (CP) NMR spectra were
collected using various CP contact times (Fig. 2b). The abun-
dant 1H spins in the organic phases (PEO and TEGDME) were
polarized rst, and then the magnetization was transferred
from 1H to less abundant 6Li spins in LiClO4 and LLZO, and at
interfaces via heteronuclear dipolar interaction between 1H and
6Li spins. The 1H–6Li dipolar coupling interactions, D ¼ agHgLi/
r3, are strongly distance-dependent. With 1H–6Li CP NMR, Li
ions closer to PEO and TEGDME, e.g. at the PEO/LLZO interface,
can be distinguished from those that are further away, such as
those in the LLZO bulk. Longer contact times allow cross-
polarization to take place for Li ions further away from 1H spins,
resulting in higher intensities of the 6Li NMR signal. 1H–6Li
dipolar coupling interactions can be averaged out by isotropic
tumbling motions; therefore, minimal or no dipolar couplings
are expected between 1H from fast moving TEGDME molecules
and 6Li in Li-containing components. In the 1H–6Li CP NMR
(Fig. 2b), two resonances are observed, one at 2.4 ppm from
bulk LLZO and one at 1.8 ppm at the PEO/LLZO interface. The
intensity of both components increases with increasing CP
contact time. In the CP NMR spectrum with contact time ¼
6 ms, the interface resonance accounts for 29.0% and LLZO
resonance for 71.0%, giving an interface/LLZO ratio of 0.4 : 1.
This ratio is signicantly higher compared with that in the DP
NMR (0.2 : 1), which is because CP NMR driven by 1H–6Li
dipolar couplings preferentially selects the interface spatially
closer to the 1H-containing PEO, over LLZO. As is expected, no
resonance from Li-species associated with TEGDME is
observed, including LiClO4 and decomposed LLZO in TEGDME.
In our previous study on LLZO–PEO (LiClO4) without additives,
the 6Li signal of LiClO4 in PEO was detected in the 1H–6Li CP
NMR.29 However, in the 1H–6Li CP NMR spectra of LLZO–PEO
(LiClO4)–TEGDME, the peaks of Li ions in TEGDME or PEO
disappeared. This is likely because, in addition to the fast
motion of TEGDME molecules, solvated Li ions in TEGDME
18460 | J. Mater. Chem. A, 2017, 5, 18457–18463
also move, thus compromising or eliminating possible 1H–6Li
cross polarization. The absence of LiClO4 resonance in the 6Li
CP NMR spectra (Fig. 2a and b) suggests that all the LiClO4 salts
are associated with TEGDME or in the PEO/TEGDME complex,
not in bulk PEO.

To understand the Li-ion conduction mechanism in the
complex LLZO–PEO (LiClO4)–TEGDME composite, a 6Li|LLZO–
PEO (LiClO4)–TEGDME|6Li symmetric cell was electrochemi-
cally cycled using 6Li-enriched metal as electrodes. A constant
current of 7.2 mA cm�2 was applied, the direction of which was
changed at 5 min intervals (Fig. 3a). An induced voltage of
75 mV across the symmetric cell was observed. The natural
abundance of 7Li is 92.4%, and that of 6Li is 7.6%. During
cycling, 6Li ions from one 6Li-enriched electrode moved across
the composite electrolyte to reach the other electrode. Along the
way, 6Li ions partially replaced 7Li ions in the composite elec-
trolyte. Therefore, the Li ions in the transport pathways will be
preferentially 6Li enriched and 7Li decient. By quantifying the
enrichment of 6Li in various Li sites within the composite
electrolyte, LLZO–PEO (LiClO4)–TEGDME, Li-ion pathways can
be identied. The 6Li NMR spectra collected for pristine and
cycled LLZO–PEO (LiClO4)–TEGDME composite lms are
shown in Fig. 3b. Almost no change is observed for bulk LLZO,
and only a small increase in the 6Li amount for LLZO at the
interface. A signicant increase in 6Li is seen for decomposed
LLZO dissolved in TEGDME and LiClO4 in the PEO/TEGDME
complex. Correspondingly, a decrease in 7Li resonances was
observed for Li in TEGDME (Fig. S3†). The signal for LiClO4 in
TEGDME shied from 0 ppm to 0.5 ppm, close to the typical Li
resonance of Li salts in PEO/TEGDME complex (Fig. 1b). This
suggests that the electrochemical cycling facilitates the mixing
of PEO and TEGDME in the composite electrolyte. The quanti-
ed increase in the 6Li amount of various Li local environments
aer cycling is shown in Fig. 3c. Among them, a 9.5% increase is
observed for LiClO4 in the PEO/TEGDME complex, 10.1% for
decomposed LLZO in TEGDME, and only 1.5% for the PEO/
LLZO interface. Table S2† shows the 6Li-enrichment levels of
different Li local environments in several aged samples in
addition to the freshly prepared LLZO–PEO (LiClO4)–TEGDME
composite, and the results consistently show a signicant
increase in the 6Li amount for decomposed LLZO and LiClO4 in
TEGDME. Therefore, Li ions prefer to travel through the liquid
TEGDME phase within the PEO matrix instead of LLZO or the
PEO/LLZO interface. In our previous study on LLZO–PEO
(LiClO4) electrolytes, Li ions were shown to mainly pass through
the LLZO network.29 This study suggests that the additive,
TEGDME, alters the path of Li ions within the composite elec-
trolyte. This is likely because TEGDME is a good liquid elec-
trolyte, and Li ions are much more mobile in TEGDME than in
PEO or LLZO. Thus, Li ions are primarily transported via the
TEGDME phase.

Higher concentrations of TEGDME oen lead to higher ionic
conductivities. However, when the ratio of PEO to liquid plas-
ticizer TEGDME is larger than 2 : 1, i.e., the content of TEGDME
is >20 wt% in the composites, the composite electrolytes fail to
form a solid lm, based on our study and other reports.31 To
investigate the effect of TEGDME at a lower concentration, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Voltage profile of the symmetric cell, 6Li|LLZO–PEO
(LiClO4)–TEGDME|6Li, in response to a constant current that changes
signs every 5 min; (b) the comparison of the 6Li NMR spectra of the
LLZO–PEO (LiClO4)–TEGDME composite electrolytes before (pristine)
and after (cycled) cycling; and (c) quantification results of the 6Li
amount in LLZO, at the PEO/LLZO interface, in decomposed LLZO in
TEGDME, and in LiClO4 in the PEO/TEGDME complex.

Fig. 4 Stability test of the LLZO–PEO (LiClO4)–TEGDME composite
electrolytes shown as the evolution of (a) conductivity and (b) 6Li NMR
spectra with time.
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LLZO–PEO (LiClO4)–5 wt% TEGDME composite electrolyte was
prepared and cycled using 6Li metal electrodes. The 6Li NMR
spectra of the LLZO–PEO (LiClO4)–5 wt% TEGDME composite
before and aer 6Li / 7Li replacement are shown in Fig. S4†
and Table S3.† The result indicates that Li ions mainly pass
through the LLZO phase in the LLZO–PEO (LiClO4)–5 wt%
This journal is © The Royal Society of Chemistry 2017
TEGDME composite, similar to the case of LLZO–PEO (LiClO4)
without TEGDME. PEO, TEGDME, and the interfaces do not
contribute signicantly to Li-ion conduction.

This nding offers insights that are not only applicable for
this composite system but also have relevance for polymer
electrolytes with liquid plasticizers. The illustrated Li-ion
pathways clearly pinpoint the functional components for Li-ion
conduction within complex composite systems, which is useful
for guiding effective materials design and engineering for
producing high-performance composite electrolytes.

To test the electrochemical properties and stability of the
composite electrolyte, the LLZO–PEO (LiClO4)–TEGDME lm
was assembled into a symmetric cell using Li metal as elec-
trodes. Electrochemical impedance spectroscopy (EIS) was
employed to determine the electrolyte bulk and Li/electrolyte
interface impedance and the results are shown in Fig. S5.† Bulk
and interface impedance values obtained from the analysis of
the EIS spectra in Fig. S5† are listed in Table S4.† The
J. Mater. Chem. A, 2017, 5, 18457–18463 | 18461
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conductivity is calculated using the equation, s ¼ L/(Rb � A),
where L is the thickness of the composite lm, Rb is the bulk
resistance and A is the contact area between the electrolyte and
the electrode. The measured electrolyte bulk conductivities with
time are shown in Fig. 4a. Each data point is an average of at
least three battery cells with very small deviations to ensure
reproducibility. For the freshly made LLZO–PEO (LiClO4)–
TEGDME composite lm, the conductivity was 5.15 � 10�5

S cm�1 at room temperature. However, the conductivity
decreased with time. A clear drop in conductivity was observed
during the rst two days, with a decrease to 2.90 � 10�5 S cm�1.
Thereaer, the conductivity only showed a slight reduction.
Aer 20 days, the conductivity was 2.34 � 10�5 S cm�1. The 6Li
NMR spectra of the freshly made LLZO–PEO (LiClO4)–TEGDME
sample, and the same sample aer it was aged for 2 days and 5
days (Fig. 4b) showed that bulk LLZO resonance at 2.4 ppm
decreased slightly over time while the interface species at
around 1.8 ppm increased. This suggests that a small fraction of
the bulk LLZO is converted into the interface, probably as
a result of more TEGDME being absorbed by LLZO over time. In
addition, the LiClO4 resonance gradually shis to the right,
towards higher eld, which implies that Li salts dissociate from
the PEO/TEGDME complex and dissolve back into pure
TEGDME. Since Li conduction is mainly via the Li salts within
the PEO/TEGDME complex as discussed above, LiClO4 dissoci-
ation from PEO/TEGDME is expected to lower the conductivity.
The partition of LiClO4 in TEGDME and the PEO/TEGDME
complex will eventually reach equilibrium, so the decay of
conductivity will slow down. As is expected, the decrease of
conductivity slows down and levels off gradually.

It is worth mentioning that the Li-ion transference number
(TLi+) of LLZO–PEO (LiClO4)–TEGDME was determined and
a value of 0.35 at room temperature was obtained (Fig. S6 and
Table S5†). In previous studies, PEO (LiClO4) polymer electro-
lytes exhibited a low TLi+ value of around 0.2.32,33 The addition of
LLZO and TEGDME to PEO improved TLi+ of the composite
electrolytes.
Conclusions

LLZO–PEO (LiClO4)–TEGDME, as a representative system,
embodies ceramic–liquid, polymer–liquid, and ceramic–poly-
mer interfaces, in addition to typical bulk solid electrolytes.
This study, using high-resolution Li NMR and an isotope
replacement strategy, identies all Li local environments and
their roles in forming Li-ion pathways through the composite
electrolyte. In this particular system, Li ions are mainly trans-
ported via TEGDME-associated phases, not the ceramic LLZO or
PEO. This work suggests that ion conduction mechanisms
strongly depend on the composition and structure of composite
electrolytes.
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