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ABSTRACT: Organic−inorganic hybrid solid electrolytes are
expected to integrate the merits of both moieties for addressing
the challenges in achieving fast ion conduction and high stability
for energy storage applications. Li10GeP2S12 (LGPS)-poly-
(ethylene oxide) (PEO) (bis(trifluoromethane)sulfonimide lith-
ium (LiTFSI)) hybrid electrolytes have been prepared, which
exhibit ionic conductivities up to 0.22 mS cm−1 and good long-
term cycling stability against Li-metal. High-resolution solid-state
6Li NMR is employed to examine the local structural environ-
ments of Li ions in the LGPS-PEO (LiTFSI) hybrids, which
identifies Li ions from PEO (LiTFSI), in bulk LGPS, and at
LGPS-PEO interfaces. Tracer-exchange Li NMR reveals that Li
ions transport mainly through LGPS-PEO interfaces. The impact of LGPS and LiTFSI contents on the interface chemistry
within LGPS-PEO hybrid electrolytes has been examined. The measured conductivities of LGPS-PEO hybrids positively
correlate with the available Li ions at LGPS-PEO interfaces. This study provides insights for engineering interfaces in organic−
inorganic hybrids to develop high-performance electrolytes for solid-state rechargeable batteries.
KEYWORDS: interface chemistry, hybrid electrolytes, fast ion conduction, tracer-exchange NMR

■ INTRODUCTION
Rechargeable Li-ion batteries (LIBs) are widely utilized in
many portable electronics and electric vehicles. In conventional
rechargeable LIBs, electrolytes are made of Li salts dissolved in
organic solvents. The thermal and electrochemical instabilities
of these organic solvents lead to severe safety issues. As
promising alternatives, solid electrolytes are nonflammable,
stable, and energy dense.1

Solid electrolytes are classified into three categories, namely,
polymers, inorganics, and composite electrolytes. Polymer
electrolytes have shown good flexibility and processability, but
they suffer from low ionic conductivity at room temperature.
Inorganic electrolytes often exhibit high ionic conductivity;
however, their applications are impeded by poor mechanical
properties and poor wettability. Composite electrolytes
integrating the merits of inorganic and polymer electrolytes
have attracted a lot of attention in both fundamental studies
and practical applications.2,3

Poly(ethylene oxide) (PEO) is often used for fabricating
composite electrolytes because of its favorable characteristics
such as low cost, flexibility, processability, and high Li-ion
solvating capability.4 Most PEO-based composites employ
inorganic fillers for enhancing the ionic conductivity of PEO.
These inorganic fillers decrease the crystallinity of polymers,
which results in desirable segmental motions for ion
conduction.4 Moreover, inorganic fillers can facilitate the

dissociation of ion pairs to release free Li+ and trap anions in Li
salts to increase transference number.5,6 Compared with
polymer electrolytes, polymer−filler composite electrolytes
exhibit increased Young’s modulus, which is believed to
suppress the growth of Li dendrites.7,8

Among inorganic electrolytes, sulfides exhibit high ionic
conductivities comparable to liquid electrolytes.9 Sulfides are
soft with much lower grain boundary resistance compared with
oxides, such as garnets. Notably, Li10GeP2S12 (LGPS) shows a
high ionic conductivity of 12 mS cm−1 at room temperature
and an electrochemical stability window of 0−4 V versus Li+/
Li.10 However, LGPS is not stable against lithium metal.11

Prior work from our group has demonstrated that PEO coating
on LGPS pellets improves the stability at the electrode−
electrolyte interface and helps to maintain Li distribution
homogeneity.12

In the examples of composite electrolytes mentioned above,
they all have one dominant component and ion conduction
mainly occurs either in the polymer or inorganic phase; the
synergies at the organic−inorganic interfaces are not achieved
or investigated. In this work, we developed a hybrid electrolyte
imbedding a comparable amount of LGPS into the PEO
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matrix, examined the roles of LGPS-PEO interfaces in ion
conduction, and studied the impact of composition and lithium
salt content on interface chemistry, ion conductivity, and
stability. We have employed high-resolution solid-state NMR
coupled with 6Li → 7Li tracer-exchange to understand the
fundamental science that drives the enhanced ion conduction
and long-term cycling stability.13−16

■ EXPERIMENTAL SECTION
Synthesis of LGPS. Considering the sensitivity of the material to

oxygen and moisture, the sample preparation process was performed
in an Ar-filled glovebox (O2 and H2O < 0.1 ppm). Li2S (99.98%,
Sigma-Aldrich), P2S5 (99%, Sigma-Aldrich), and GeS2 (>99%, Santa
Cruz Biotechnology) were weighed out with a mole ratio of 5:1:1.
The precursor materials were transferred to a ZrO2 jar with ZrO2 balls
and ball-milled with a SPEX SamplePrep 8000 M apparatus for 2 h.
The powder appeared to be brown. The as-prepared powder was
heated in a quartz tube at 550 °C for 12 h with a temperature ramp of
1 °C min−1 and gradually cooled to room temperature. The color of
the final product was gray.
Preparation of Hybrid Electrolytes. The PEO (LiTFSI)

solution of different Li-salt concentrations (EO/Li = 18:1, 12:1,
9:1, or 6:1) was prepared by dissolving lithium bis-
(trifluoromethanesulfonyl)imid (LiTFSI) (Sigma-Aldrich) and PEO
(Sigma-Aldrich, Mw = 400000) in anhydrous acetonitrile. The
LiTFSI and PEO were dried at 90 and 50 °C, respectively, for 12 h
before use. The solutions were stirred overnight to obtain
homogeneous distribution of Li salts. The LGPS-PEO (LiTFSI)
hybrid electrolyte films were prepared via a conventional solution-
casting method. The mixture of LGSP and PEO (LiTFSI) with
different LGPS fractions (20, 50, 60, 70, 80, or 90 wt %) was ball-
milled at 200 rpm for 2 h. The homogeneous slurry was then cast on a
flat Teflon plate with a doctor blade and then dried in an Ar-filled
glovebox at room temperature (22 °C) for 24 h.
Electrochemical Measurements. The LGPS-PEO (LiTFSI)

hybrid films were punched into discs and assembled into symmetric
cells with stainless steel pieces as blocking electrodes for electro-
chemical impedance spectroscopy (EIS) measurements. The EIS
measurements were performed on a Gamry Reference 600+ with a
frequency range from 5 MHz to 1 Hz. The ionic conductivity (σ) was
calculated with σ = L/(R × A), where L is the thickness of the
electrolyte in centimeters, R the resistance in ohms, and A the contact
area of the electrolyte and the electrodes in centimeters squared
(cm2). The conductivity of LGPS-PEO (LiTFSI) and PEO (LiTFSI)
was measured over the temperature range of 20 to 80 °C for the
Arrhenius plots. To test the electrochemical stability of LGPS, PEO
(LiTFSI), and LGPS-PEO (LiTFSI) against Li metal, Li metal foils
were used as working electrodes in the symmetric cells. Cyclability
tests were carried out on an Arbin (BT2043) battery testing system
with a current density of 10 μA cm−1, which switched the sign every
hour.
Isotope Exchange. Isotope exchange, 6Li→ 7Li, was employed to

track Li-ion pathways in the LGPS-PEO (LiTFSI) hybrid electrolytes.
A biased current was applied on the cell, 6Li|LGPS-PEO (LiTFSI)|6Li,
to drive 6Li ions from the electrodes to pass through the electrolyte,
partially replacing 7Li ions on their way.
Solid-State NMR Measurements. 6,7Li magic-angle-spinning

(MAS) NMR and 1H−6Li cross-polarization (CP) NMR experiments
were performed on a Bruker Avance III-500 spectrometer with a 6Li
Larmor frequency of 73.6 MHz and a 7Li Larmor frequency of 194.4
MHz. LGPS-PEO (LiTFSI) hybrid samples were packed in 2.5 mm
rotors and spun at a speed of 25 kHz for 6,7Li NMR and 10 kHz for
1H−6Li CP NMR. For 6Li NMR, the 90° pulse length was 4.75 μs,
and the recycle delay was 100 s. For 7Li NMR, the 90° pulse length
was 2.0 μs and the recycle delay was 100 s. For 1H−6Li CP NMR, the
1H 90° pulse length was 2.55 μs and the recycle delay was 2 s. The
contact time of 1H−6Li CP NMR varied from 0.2 to 7 ms. Chemical

shifts were referenced to solid LiCl at 0 ppm. The fitting parameters
are listed in Table S1.

■ RESULTS AND DISCUSSION
The preparation process of LGPS-PEO (LiTFSI) hybrid
electrolytes is illustrated in Figure 1 and described in the

Experimental Section. The resulting hybrid films are flexible
with a thickness of around 100 μm. The scanning electron
microscopy (SEM) image of 70 wt % LGPS-PEO (LiTFSI)
(9:1) is shown in Figure S1, which reveals that LGPS particles
are homogeneously dispersed within PEO matrix and the
particle size of LGPS is around 25 nm. The hybrid films are
sandwiched between two blocking electrodes made of
stainless-steel disks for conductivity measurements using
electrochemical impedance spectroscopy (EIS) or between
two Li metal foils for electrochemical stability tests.
To probe the structural environments of Li ions in LGPS-

PEO (LiTFSI) hybrid electrolytes, high-resolution solid-state
magic-angle-spinning (MAS) 6Li NMR is employed. LiTFSI,
PEO (LiTFSI), and pure LGPS are used as reference samples
to facilitate identifications of structural environments in LGPS-
PEO (LiTFSI) based on NMR studies (Figure 2). The 6Li

chemical shifts of Li in LiTFSI and pristine LGPS are −0.16
and 1.70 ppm, respectively. The signal of Li in PEO (LiTFSI)
moves downfield to 0.30 ppm due to the interactions between
Li+ and PEO. After PEO (LiTFSI) is mixed with LGPS
powders, the NMR resonance from Li+ in LiTFSI shifts back to
−0.16 ppm, an indication of weakened interactions between
Li+ and PEO. The broadening of this resonance suggests a
more disordered local structural environment of Li+, likely at

Figure 1. Schematic illustrating the preparation process of LGPS-
PEO (LiTFSI) hybrid films and the symmetric battery cells that use
LGPS-PEO (LiTFSI) as electrolytes.

Figure 2. 6Li magic-angle-spinning (MAS) NMR revealing local
structural environments in pure LiTFSI salt, LiTFSI in PEO, pure
LGPS, and LGPS-PEO (LiTFSI) hybrid films. All the spectra are
averaged over 512 scans and a 1.0 Hz Lorentzian line broadening is
applied.
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the LGPS-PEO interfaces. The 6Li resonance from LGPS in
pristine LGPS-PEO (LiTFSI) remains at 1.70 ppm and sees
significant broadening. A new component appears at 1.60 ppm,
as a right shoulder to the 1.70-ppm LGPS resonance. The
similar chemical shift of the new resonance to that of Li in
LGPS, but larger line width, suggests that this 1.60-ppm
component comes from LGPS at the interface with PEO. To
confirm the identity of this 1.60-ppm broad resonance, the
relative distance of this 1.60-ppm resonance to PEO is
determined with 1H−6Li cross-polarization (CP) experiments,
in which the polarization is transferred from 1H in PEO to 6Li
in various structural environments, and the transfer efficiency is
strongly distance dependent. The 1H−6Li CP NMR results as a
function of cross-polarization contact time are shown in Figure
S2. The LiTFSI resonance at −0.16 ppm is observed in the
6Li{1H} CP spectra as expected due to the close distance of
LiTFSI with PEO. In addition, a weak and broad signal from
1.60 ppm is also seen, but the 1.70-ppm resonance from bulk
LGPS is not observed, which suggests that this 1.60-ppm
resonance is from Li relatively closer to PEO compared with
bulk LGPS. This confirms that the broad 1.60-ppm resonance
is from LGPS at interfaces with PEO. Quantitative spectral
analysis (Figure 3a and Table 1) reveals that Li from bulk

LGPS, at LGPS-PEO interfaces, and in LiTFSI account for
60.9%, 36.7%, and 2.4%, respectively, in the 70 wt % LGPS-
PEO (LiTFSI) hybrid with the ratio of EO/Li (from LiTFSI)
= 9:1.
To investigate the roles that each component of LGPS-PEO

(LiTFSI) plays in Li-ion transport, tracer-exchange Li NMR is
employed, which combines 6Li → 7Li isotope exchange with
high-resolution 6Li NMR to determine Li-ion transport
pathways in complex materials (Figure 3). 6Li → 7Li isotope

exchange is driven by a biased electric potential applied upon
on a symmetric cell made of 6Li/LGPS-PEO (LiTFSI)/6Li
(Figure 3b). 7Li is naturally abundant, accounting for 92.4%,
while 6Li is only 7.6%. Under the biased electric potential, 6Li
ions from the 6Li-enriched metal electrodes are driven to pass
through the hybrid electrolyte, partially replacing 7Li or
occupying empty/interstitial sites on their paths. In other
words, the structural components that participate in Li-ion
transport will be 6Li-enriched after the tracer-exchange process.
Thus, Li-ion transport pathways encoded with specific
chemical information can be determined by comparing 6Li-
enrichment of different structural sites before and after tracer-
exchange. Figure 3 exhibits the 6Li NMR spectra together with
spectral simulation of LGPS-PEO (LiTFSI) before and after
6Li → 7Li tracer-exchange. An increase in the relative 6Li
amount of the interfacial Li and LiTFSI components is
observed in conjunction with the decrease seen in the bulk
LGPS. The quantitative 6Li enhancement levels are evaluated
by calculating the changes of 6Li amount in each structural
component before and after tracer-exchange (Figure 3), and
the results are listed in Table 1. The total amount of 6Li in
LGPS-PEO (LiTFSI) is increased by a factor of 1.41 after
tracer-exchange. 6Li amount both at LGPS-PEO interfaces and
in LiTFSI is increased by nearly 3-fold, suggesting that Li-ion
transport takes place mainly at the interfaces. LiTFSI of a small
amount also contributes to ion conduction. A decrease of 6Li
amount is seen in bulk LGPS, which is likely due to the further
disintegration of the bulk structure during electrochemical
cycling. This is supported by the broadening of the 7Li NMR
resonance from LGPS after electrochemical cycling (Figure
S3).
As Li ions at LGPS-PEO interfaces play the major role in ion

conduction within the LGPS-PEO (LiTFSI) hybrids suggested
by the tracer-exchange NMR results, the impact of LGPS and
LiTFSI content on Li at interfaces in the hybrids is
investigated. LGPS-PEO (LiTFSI) hybrids with 50, 70, and
90 wt % LGPS and the same EO/Li (from LiTFSI) = 9:1 are
prepared. The volume percentage (vol %) of each component
in these hybrid electrolytes is listed in Table S2, using the
densities of LGPS (2.00 g cm−3), PEO (1.21 g cm−3), and
LiTFSI (1.33 g cm−3).17 High-resolution 6Li NMR is
performed on these hybrid samples in order to quantify the
Li content at interfaces. As shown in Figure 4, a very limited
amount of Li at interfaces is observed for 50 and 90 wt %

Figure 3. Li-ion transport pathways in LGPS-PEO (LiTFSI) hybrid electrolytes probed with 6Li → 7Li tracer-exchange NMR. The participating
structural elements in Li-ion transport are revealed by 6Li enrichment after tracer-exchange. 6Li MAS NMR of an LGPS-PEO (LiTFSI) hybrid
electrolyte film before (a) and after (b) 6Li → 7Li tracer-exchange. The spectral simulations with assignments of the NMR resonances are also
shown. A schematic of the symmetric cell used for electrochemically driven tracer-exchange experiments is displayed, which is composed of an
LGPS-PEO (LiTFSI) hybrid electrolyte film sandwiched by two pieces of 6Li metal foils.

Table 1. Quantification Resultsaof 6Li Enrichment in the
LGPS-PEO (LiTFSI) Film before and after Tracer-
Exchange, Based on 6Li NMR in Figure 3

bulk
LGPS

LGPS at
interfaces LiTFSI total

Pristine 60.9 36.7 2.4 100
After 6Li → 7Li tracer-
exchange

21.4 112.5 7.2 141

6Li enhancement −39.5 75.7 4.8 41
aIn percent (%).
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LGPS-PEO (LiTFSI) hybrids, despite the non-negligible
volume fractions of LGPS (Table S2). In addition to volume
fraction, effective mixing of LGPS and PEO (LiTFSI) is also
crucial for creating interfaces.18 It turns out that for the 50 and
90 wt % cases, the mixing of LGPS with PEO is not as good as
the 70 wt % sample. To confirm the reproducibility of the
composite electrolyte fabrication, the 50 wt % LGPS-PEO
(LiTFSI) (9:1) is remade; the result in Figure S4 shows again
limited formation of interface, consistent with our prior results.
Therefore, the evaluation of the formation of interface simply
based on the volume fraction of LGPS is insufficient, and
detailed NMR characterizations of interface become necessary.
It is worth noting that the LiTFSI amount observed in 6Li
NMR (Figure 4) increases with the PEO fractions in the
hybrids as expected with fixed EO/Li (from LiTFSI) = 9:1.
Furthermore, LiTFSI resonance from 50 wt % LGPS-PEO
(LiTFSI) is much sharper compared with that of 70 wt %
LGPS-PEO (LiTFSI). LiTFSI in 50 wt % LGPS-PEO
(LiTFSI) is expected to distribute in the PEO phase only
due to the lack of interfaces between PEO and LGPS;
therefore, the local structural environment for LiTFSI is
relatively uniform. For LiTFSI in 70 wt % LGPS-PEO
(LiTFSI), LiTFSI can possibly locate at LGPS-PEO interfaces.
This brings about the following investigation on the impact of
LiTFSI content on LGPS-PEO interface formation, where 70
wt % LGPS-PEO (LiTFSI) hybrids with EO/Li (from LiTFSI)
= 18:1, 9:1, and 6:1 are fabricated, and the corresponding 6Li
NMR spectra are shown in Figure 5. In the hybrids with EO/Li
(from LiTFSI) = 18:1 and 6:1, only a very small amount of Li
at LGPS-PEO interfaces is observed, compared with hybrids
containing EO/Li (from LiTFSI) = 9:1. It suggests that
LiTFSI content also has significant effects on LGPS-PEO
interfaces. With low LiTFSI content, such as EO/Li (from
LiTFSI) = 18:1, the effect on interface formation is small. At
high LiTFSI content, such as EO/Li (from LiTFSI) = 6:1, the
LiTFSI partially aggregates, suggested by the sharp 6Li
resonance in Figure 5.19,20 Another reason for the observed
limited LGPS-PEO interface formation at high LiTFSI content
is that interactions between LiTFSI and PEO alter the
mechanical properties of PEO matrix, making it more rigid
and less “cementing” when mixed with LGPS, as evidenced by
the reduced flexibility of 70 wt % LGPS-PEO (LiTFSI) (6:1)
hybrid film. In summary, both the composition and LiTFSI salt

content in the LGPS-PEO (LiTFSI) impact the LGPS-PEO
interface formation. In addition, the fabrication process is also
expected to affect the interface chemistry. For instance,
different mixing methods result in varied outcomes; a 70 wt
% LGPS-PEO (LiTFSI) (9:1) hybrid film is prepared through
stirring the mixture of LGPS and PEO (LiTFSI) for 2 h
instead of ball-milling. The 6Li MAS NMR comparison of 70
wt % LGPS-PEO (LiTFSI) (9:1) hybrid films prepared
through ball-milling and stirring are shown in Figure S5. The
film prepared through stirring has a very small amount of
interface, and the ionic conductivity is 0.078 mS cm−1, which is
lower than that of the film prepared through ball-milling, which
is 0.22 mS cm−1. Fabrication methods such as ball-milling to
facilitate effective mixing are helpful to create synergistic
interface for ion conduction.21−23

The conductivity of LGPS-PEO (LiTFSI) hybrid films is
measured with EIS. As the potential residual solvent in the
electrolytes may affect their conductivity, and to determine the
amount of possible residual solvent in the samples after drying,
TGA experiments were performed. The boiling temperature of
the solvent, anhydrous acetonitrile, was 82 °C. Based on the
TGA results (Figure S6), the weight loss below 100 °C of
PEO, PEO (LiTFSI), and LGPS-PEO (LiTFSI) films is
around 1.0%. Therefore, the solvent contribution to the final
conductivity is estimated to be small.
The conductivity results of the hybrid films are shown in

Figures 6 and S7.With increasing LGPS content in the hybrid
electrolytes, the overall conductivity increases and reaches a
maximum at 70 wt % of LGPS with a conductivity of 0.22 mS
cm−1. When the amount of LGPS is further increased to 90 wt
%, the conductivity decreases to 0.074 mS cm−1. The trend of
conductivity correlates with the amount of LGPS-PEO
interfaces (Figure 6a). A similar pattern is observed for
conductivity with increasing the LiTFSI salt content in the
hybrids while maintaining the same composition of 70 wt %
LGPS-PEO (Figure 6b). The conductivity increases with
LiTFSI content and reaches the maximum of 0.22 mS cm−1

when EO/Li (from LiTFSI) = 9:1. Further increase in LiTFSI
content to EO/Li (from LiTFSI) = 6:1 results in more than
10-fold decrease in conductivity (Figure 6b). The trend in
conductivity variation echoes with that for interface changes
with LGPS and LiTFSI content in the hybrids. It is consistent
with the tracer-exchange Li NMR results, revealing that Li-ion

Figure 4. Impact of LGPS fraction in the hybrid electrolytes on Li at
PEO-LGPS interfaces revealed by 6Li NMR. From top to bottom, the
MAS 6Li NMR of 90, 70, and 50 wt % LGPS-PEO (LiTFSI) with the
same mole ratio of EO/Li, i.e., 9:1.

Figure 5. Impact of LiTFSI salt content in the hybrid electrolytes on
Li at PEO-LGPS interfaces revealed by 6Li NMR. From top to
bottom, the 6Li MAS NMR of 70 wt % LGPS-PEO (LiTFSI) with the
mole ratio of EO/Li to be 6:1, 9:1, and 18:1.
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transport within the LGPS-PEO (LiTFSI) hybrid films mainly
occurs at LGPS-PEO interfaces.
The 70 wt % LGPS-PEO (LiTFSI) hybrid shows distinct

advantages over PEO (LiTFSI) in ion conduction. The
Arrhenius plots of conductivity as a function of temperature
for LGPS, PEO (LiTFSI) (9:1), and 70 wt % LGPS-PEO
(LiTFSI) (9:1) electrolytes are displayed in Figure 6c. The
ionic conductivity of 70 wt % LGPS-PEO (LiTFSI) (9:1) is
0.22 mS cm−1, which is 25 times higher than that of PEO
(LiTFSI) (8.75 × 10−3 mS cm−1) and lower than that of LGPS
(14 mS cm−1). The contribution of LGPS in the LGPS-PEO
(LiTFSI) hybrids is manifested in the formation of ion-
conducting LGPS-PEO interfaces and provision of active Li+ at
the interfaces. The activation energies (Ea) for Li-ion transport
in LGPS and PEO (LiTFSI) (9:1) are 0.17 and 0.99 eV,
respectively.24,25 The Ea of 70 wt % LGPS-PEO (LiTFSI)
(9:1) is 0.40 eV in the temperature range of 20−50 °C and
0.10 eV between 60 and 80 °C. To understand the change of
Ea in the 70 wt % LGPS-PEO (LiTFSI) (9:1), differential
scanning calorimetry (DSC) measurements of pure PEO, PEO
(LiTFSI) (9:1), and 70 wt % LGPS-PEO (LiTFSI) (9:1) were
performed (Figure S6). The melting temperature (Tm) of pure
PEO is 72 °C. The addition of LiTFSI in PEO (LiTFSI) (9:1)
decreases the Tm of to 52 °C.26,27 The Ea change of 70 wt %
LGPS-PEO (9:1) is due to the melting of the PEO phase. It is
worth noting that unlike polymer electrolytes, the thermal
history of the composite electrolytes does not significantly
affect their conductivity. The comparison of the conductivity

measurements performed during heating and cooling processes
of 70 wt % LGPS-PEO (LiTFSI) (9:1) is shown in Figure S8.
These two sets of data resemble each other within error
margins.
The advantages of the composites electrolytes also manifest

in the enhanced transference number (TLi+). As shown in
Figure S9 and Table S3. The TLi+ values of PEO (LiTFSI)
(9:1) and LGPS are 0.09 and 0.99, respectively.28−30 In LGPS-
PEO (LiTFSI) hybrid electrolytes, TLi+ values are higher with
more LGPS,31,32 and a TLi+ value of 0.91 can be achieved for
90 wt % LGPS-PEO (LiTFSI) (9:1).
It is worth noting that the results obtained for LGPS-PEO

(LiTFSI) are different from those for Li7La3Zr2O12 (LLZO)-
PEO (LiTFSI) hybrid electrolytes. In LLZO-PEO (LiTFSI)
hybrid electrolytes, no ion-conducting interfaces are formed;
therefore, Li-ion transport takes place either in the modified
PEO phase or through the percolated network of LLZO
particles.7,13,33 The difference between LGPS-PEO (LiTFSI)
and LLZO-PEO (LiTFSI) hybrids is likely originated from the
difference in mechanical properties of LGPS and LLZO. For
oxide conductors such as LLZO, they are rigid and difficult to
closely integrate with PEO, and therefore, the formation of
interfaces is limited. This is evidenced from our prior NMR
studies of LLZO-PEO (LiTFSI) for Li-ion conduction. LGPS
is soft and cementing, and thus the formation of ion-
conducting interfaces with PEO is less challenging. An
important question regarding what characteristics of inor-
ganic−organic interfaces, including the distance and inter-

Figure 6. (a) The conductivity and interface fraction of LGPS-PEO (LiTFSI) (9:1) as a function of the weight percent of LGPS, i.e., 20, 50, 60, 70,
80, and 90 wt %. (b) The conductivity and interface fraction of 70 wt % LGPS-PEO (LiTFSI) as a function of the mole ratio of EO to Li, i.e., 18:1,
12:1, 9:1, and 6:1. The conductivity in (a) and (b) was measured at 22 °C. (c) The Arrhenius plots of LGPS, PEO (LiTFSI) (9:1), and 70 wt %
LGPS-PEO (LiTFSI) (9:1) electrolytes.
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actions between the two comprising moieties, will result in fast
ion conduction requires systematic studies in the near future.
Li metal is considered the ultimate anode for Li-ion batteries

due to its high theoretical specific capacity (3860 mA h g−1),
low negative electrochemical potential (−3.04 V vs the
standard hydrogen electrode), and lightweight properties
(0.59 g cm−3).34 To test the long-term electrochemical
stability of LGPS-PEO (LiTFSI) hybrid electrolytes against
Li metal and compare it with that of pure PEO (LiTFSI) and
LGPS, symmetric battery cells are made of PEO (LiTFSI),
LGPS, and LGPS-PEO (LiTFSI) as electrolytes and Li metal
as electrodes, and the symmetric cells are cycled with a
constant current density of 10 μA cm−2 (Figure 7). The
voltage of the Li/PEO (LiTFSI)/Li cell increases steeply to 10
V after cycling for 370 h, and the voltage of the Li/LGPS/Li
cell reaches 10 V after 224 h. LGPS is chemically and
electrochemically unstable against Li metal. A recent 3D 7Li
magnetic resonance imaging (MRI) study on Li/LGPS/Li
symmetric cell has revealed significant Li loss at the LGPS/Li
interface and heterogeneous distribution of Li in the bulk
LGPS during electrochemical cycling, which results in large
interfacial and bulk resistance.12 LGPS-PEO (LiTFSI) hybrid
electrolytes exhibit improved cycling performance against Li
metal, compared with PEO and LGPS. The best performance
is found for the composition of 70 wt % LGPS-PEO (LiTFSI)
(EO/Li = 12:1). The initial voltage of the Li|LGPS-PEO (EO/
Li = 12:1)|Li cell is 0.03 V and slightly increases to 0.083 V
after 1700 h. The integration of LGPS and PEO in the hybrid
electrolytes allows ion transport through LGPS-PEO inter-
faces, which largely limits direct contact between Li metal and
unstable LGPS and thus enhances the stability. In addition,
interfacial LGPS as the ion transport media is a single-ion
conductor and does not contain free anions; this is beneficial

to achieving large transference number, high conductivity, and
homogeneous distribution of Li ions. These factors also help
enhance the long-term cycling stability of hybrid electrolytes.6

The concentration of LiTFSI salts has effects on the
electrochemical stability of LGPS-PEO (LiTFSI) against Li
metal. As mentioned above, 70 wt % LGPS-PEO (LiTFSI)
(EO/Li = 12:1) delivers the best long-term performance in this
study. At low or high Li salts contents, for instance, LGPS-
PEO (LiTFSI) (EO/Li = 18:1) and LGPS-PEO (LiTFSI)
(EO/Li = 6:1), the cell resistance is large due to low ionic
conductivity of LGPS-PEO (LiTFSI) (EO/Li = 18:1) and
LGPS-PEO (LiTFSI) (EO/Li = 6:1). The ionic conductivity
of LGPS-PEO (LiTFSI) (EO/Li = 9:1) is high (0.22 mS
cm−1); therefore, the initial voltage of Li|LGPS-PEO (LiTFSI)
(EO/Li = 9:1)|Li is low, at 0.02 V, but the voltage increases
fairly rapidly to 0.20 V after 1700 h of electrochemical cycling.
The determination of optimal Li salt content in hybrid
electrolytes may need to strike a balance between achieving the
highest conductivity and the long-term cycling stability.

■ CONCLUSIONS

LGPS-PEO (LiTFSI) hybrid electrolytes have been prepared.
The local structural environments of Li ions within the hybrids
are identified with high-resolution solid-state 6Li NMR. Li ions
transport via LGPS-PEO interfaces in the hybrids, determined
with tracer-exchange Li NMR. The effects of composition,
LiTFSI salt content, and the fabrication process of LGPS-PEO
(LiTFSI) hybrid electrolytes on the LGPS-PEO interface
formation are examined, which reveals that 70 wt % LGPS-
PEO (LiTFSI) (EO/ Li = 9:1) prepared with ball-milling
results in the maximum interface amount. The measured ionic
conductivities of LGPS-PEO (LiTFSI) hybrid electrolytes
positively correlate with the amount of LGPS-PEO interface

Figure 7. Electrochemical cycling stability against Li of PEO (LiTFSI), LGPS, and 70 wt % LGPS-PEO (LiTFSI) hybrid electrolyte with mole
ratios of EO/Li to be 18:1, 12:1, 9:1, and 6:1.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b02008
ACS Appl. Energy Mater. 2019, 2, 1452−1459

1457

http://dx.doi.org/10.1021/acsaem.8b02008


quantified by 6Li NMR. The highest ionic conductivity of 0.22
mS cm−1 is achieved in 70 wt % LGPS-PEO (LiTFSI) (EO/Li
= 9:1). LGPS-PEO (LiTFSI) also shows an enhanced Li+

transference number and long-term cycling stability against Li
metal compared with pure LGPS and PEO (LiTFSI). The
impact of LiTFSI content in the hybrid on cycling stability is
also examined with the highest stability found with 70 wt %
LGPS-PEO (LiTFSI) (EO/Li = 12:1). This study demon-
strates the important roles that interfaces play in regulating ion
conductions in hybrid solid electrolytes. Highly conductive and
stable solid electrolytes are key to safe energy storage
technologies of high energy and power densities.
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