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Flexible and low-cost poly(ethylene oxide) (PEO)-based electro-
lytes are promising for all-solid-state Li-metal batteries because
of their compatibility with a metallic lithium anode. However,
the low room-temperature Li-ion conductivity of PEO solid elec-
trolytes and severe lithium-dendrite growth limit their application
in high-energy Li-metal batteries. Here we prepared a PEO/perovskite
Li3/8Sr7/16Ta3/4Zr1/4O3 composite electrolyte with a Li-ion conductiv-
ity of 5.4 × 10−5 and 3.5 × 10−4 S cm−1 at 25 and 45 °C, respec-
tively; the strong interaction between the F− of TFSI− (bis-
trifluoromethanesulfonimide) and the surface Ta5+ of the perovskite
improves the Li-ion transport at the PEO/perovskite interface. A
symmetric Li/composite electrolyte/Li cell shows an excellent
cyclability at a high current density up to 0.6 mA cm−2. A solid
electrolyte interphase layer formed in situ between the metallic
lithium anode and the composite electrolyte suppresses lithium-
dendrite formation and growth. All-solid-state LijLiFePO4 and
high-voltage LijLiNi0.8Mn0.1Co0.1O2 batteries with the composite
electrolyte have an impressive performance with high Coulombic
efficiencies, small overpotentials, and good cycling stability.
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The growing demand for portable electronic equipment pow-
ered by a rechargeable battery and for electric-powered road

vehicles calls for the development of safe, low-cost rechargeable
lithium or sodium batteries to replace the existing Li-ion battery.
This development can be done by a replacement of the liquid
electrolyte by a plastic solid electrolyte with a large enough en-
ergy gap to contain the electrochemical potentials of a Li-metal
anode and a high-voltage cathode provided the electrolyte has a
Li+ conductivity σLi > 10−3·S cm−1 at room temperature (1–3).
Poly(ethylene oxide) (PEO)-based polymer electrolytes are one
of the most promising solid electrolytes because of their low
lattice energy, high flexibility, simple preparation, and capability
of solvating lithium salts (4, 5). However, the low ionic conductivity
(∼10−6 to 10−7 S cm−1) and poor mechanical properties restrict
their practical application (6, 7). Crystalline ceramic electrolytes
have a higher Li-ion conductivity of 10−5 to 10−3 S cm−1 at 25 °C,
but they exhibit a large interfacial resistance due to a poor contact
with solid electrodes (8–10). Incorporating Li-ion conducting solid
ceramic oxides into a flexible PEO polymer electrolyte matrix can
increase the Li-ion conductivity of PEO 1) by reducing the PEO
crystallization that hinders Li-ion transport in PEO, 2) by creating
fast Li-ion transport channels on the PEO/ceramic interface, and 3)
by allowing fast Li+ transport in the ceramic itself (11). Moreover,
introduction of a ceramic Li-ion conductor into PEO increases the
mechanical strength of the membrane and can suppress the pene-
tration of lithium dendrites (12–17). Garnet (e.g., Li7La3Zr2O12)
and perovskite Li0.33La0.56TiO3 with various morphologies have
been reported to increase the performance of PEO as a Li-ion
conductor (18–22). However, the garnet electrolyte is unstable in
air, causing the development of a layer with low ionic conductivity
on its surface. Perovskite Li0.33La0.56TiO3 (LLTO) with a high bulk

Li-ion conductivity of 10−3 S cm−1 at 25 °C is reduced by a metallic
lithium anode. Also, the LLTO surface is lithium-deficient, which
blocks the Li ions from transferring between LLTO and PEO. To
date, the ionic conductivity of the composite polymer electrolytes
is still not high enough to meet practical requirements for all-solid-
state batteries.
The perovskite Li3/8Sr7/16Ta3/4Zr1/4O3 (LSTZ) electrolyte has

recently been reported to be stable in moist air (23). The good
stability enables a small interfacial resistance between PEO and
an LSTZ particle since no Li+ insulating phase forms on the
surface of LSTZ. In addition, LSTZ has a high bulk Li-ion con-
ductivity of ∼10−3 S cm−1 at 25 °C. Herein we report a solid
composite electrolyte of PEO/LiTFSI/LSTZ (denoted as PEO/
LSTZ) with perovskite LSTZ as a filler. Although several others
have investigated the use in an all-solid-state rechargeable battery
of a flexible composite Li+-electrolyte membrane consisting of a
PEO polymer containing ceramic particles as fillers, our strategy is
the choice of the LSTZ ceramic for this application. Benefiting
from the LSTZ filler, the composite electrolyte has a Li+-ion
conductivity of 5.4 × 10−5 S cm−1 at 25 °C and 3.5 × 10−4 S cm−1 at
45 °C, respectively.
The increased Li+ transport number in PEO/LSTZ originates

from a strong chemical Ta–F bond that immobilizes the anions
based on the results of X-ray photoelectron spectroscopy (XPS),
NMR spectroscopy, and density-functional theory (DFT) cal-
culations. Moreover, the Li/composite–electrolyte interface is
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stabilized by an in situ formation of a solid electrolyte interphase
layer that effectively suppresses Li-dendrite growth. We show
that a symmetric LijLi cell, an all-solid-state LijLiFePO4 (LFP)
cell, and a LijLiNi0.8Mn0.1Co0.1O2 (NMC) cell with this polymer
electrolyte all deliver an excellent cycling stability and rate ca-
pability at 45 °C. The cells reported previously with these PEO-
based composite electrolytes were mostly tested at a temperature
above 55 °C due to the low ionic conductivity of the composite
electrolytes. However, the PEO-based electrolytes would melt
to become gel electrolytes at such high temperatures, which
make them unable to suppress lithium dendrite formation. Our
LFPjPEO/LSTZjLi cell can run over 350 cycles with a negligible
capacity fade at 45 °C due to the stable all-solid-state compo-
nents. We further took a protection stratagem to test the poly-
mer electrolyte with a high-voltage Ni-rich cathode; the cell
exhibits an impressive performance.

Results and Discussion
Li-Ion Transport of the Composite PEO/LSTZ Electrolyte. The perov-
skite LSTZ employed in this work has a high bulk Li-ion con-
ductivity of 1 × 10−3 S cm−1 at room temperature and does not
have a Li-ion insulating Li2CO3 phase on the particle surface (SI
Appendix, Fig. S1). The PEO/LSTZ membrane with LiTFSI salt
was prepared by a facile solution-cast method.(18) The obtained
composite membrane is smooth, freestanding, and mechanically
flexible (SI Appendix, Fig. S2 A and B). LSTZ particles with an
average size of 1 μm (SI Appendix, Fig. S2 C and D) are uni-
formly dispersed in the PEO/LiTFSI matrix (SI Appendix, Fig.
S2E). The distribution of Ta from LSTZ matches well with the F
and C from the PEO/LiTFSI matrix (SI Appendix, Fig. S2F),
which indicates that PEO chains, Li+, and TFSI− are fully
entangled with LSTZ particles. LSTZ is stable in PEO and re-
duces the degree of crystallinity in the PEO (Fig. 1A), which
releases more PEO chains to promote Li+ transport along/be-
tween PEO chains (24, 25). The Arrhenius plots of the PEO/
LSTZ membranes with varying wt % of LSTZ are shown in Fig.
1B. The perovskite LSTZ significantly increases the Li-ion con-
ductivity of the PEO/LiTFSI, and the composite with 20 wt %

LSTZ exhibits the highest conductivity of 5.4 × 10−5 and 3.5 ×
10−4 S cm−1 at 25 and 45 °C, respectively (SI Appendix, Fig. S3A);
it also has a higher Li-ion transference number (tLi+) of 0.43 (Fig.
1C) than those of PEO composites with other Li-ion insulating
or conducting fillers such as Al2O3 and garnet Li7La3Zr2O12 (26,
27). This result indicates that the LSTZ surface interacts with the
TFSI− to limit its mobility, freeing Li+ ions for transport. The
introduction of LSTZ to PEO/LiTFISI also increases the sta-
bility of the membrane to a higher voltage (Fig. 1D).
The Li+ ions of the PEO/LSTZ composite can transport 1)

through the PEO, 2) at the PEO/LSTZ interface, and 3) through
the LSTZ grains. The amorphous PEO with flexible chain seg-
ments in the PEO/LSTZ composite increases the Li-ion con-
ductivity. The higher Li-ion conductivity of PEO/LSTZ than that
of PEO at temperatures above 60 °C, where PEO is amorphous,
indicates a contribution of Li-ion transport through LSTZ grains
and grain surfaces. NMR was employed to study the Li+ envi-
ronment and Li-ion transport pathways in the composite elec-
trolyte. The 6Li LiTFSI signal in PEO/LSTZ shifts to a higher
frequency (smaller ppm) compared to PEO/LiTFSI (Fig. 2A);
up-field shifting of 6Li LiTFSI resonance in the PEO/LSTZ
complex indicates that PEO/LiTFSI interactions are weakened
by the addition of LSTZ (28, 29). No 6Li perovskite signal is
observed due to the dilute Li content from perovskite in the
composite. A decreased FWHM of the 6Li resonance from the
LiTFSI peak also implies faster Li-ion motion in PEO/LSTZ,
which averages out the inhomogeneous broadening associated
with an anisotropic distribution of Li local environments; there-
fore, the Li ions from LiTFSI tend to move more freely, which
agrees well with the increased Li+ conductivity.
To probe the Li-ion transport pathway in PEO/LSTZ, 6Li →7Li

tracer-exchange NMR (30) was employed (Fig. 2B). A significant
increase in intensity of the 6Li LiTFSI peak is observed after
cycling with 6Li electrodes at 10 μAcm−2 for 100 cycles. In
contrast, 7Li spectra reveal a signal loss in the 7Li resonance of
LiTFSI; the loss from the LiTFSI is more notable than from the
perovskite. As a result, the enhanced 6Li signal from LiTFSI
indicates that the Li+ ions preferentially transport through the
PEO/LiTFSI matrix near the perovskite particles. The contri-
bution of Li+ ions of LSTZ grains to the total Li-ion conductivity
in the composite cannot be determined owing to the small
population of Li+ ions in LSTZ; however, a previous report on
PEO/garnet confirmed that the Li ions from the fast Li-ion
conductors participate in the Li-ion transport in the composite
(30). Compared to the garnet, the LSTZ has a similar bulk Li-ion
conductivity of 10−3 S cm−1 at 25 °C, but a much smaller inter-
facial resistance with PEO (SI Appendix, Fig. S3B). The smaller
interfacial resistance of the PEOjLSTZ than that of PEOjLLZT
proves that LSTZ is much more effective in promoting the
Li+ transport in the PEO/LiTFSI matrix (31). Garnet LLZT
reacts with moist air to form a layer of Li+-insulating Li2CO3 on
its surface (SI Appendix, Fig. S4 A and B), which blocks the Li-
ion transfer across the garnet/PEO interface. The improved
transference number (tLi+) and Li-ion conductivity of the PEO/
LSTZ composite than those of PEO indicate a strong interaction
of the TFSI− anion and LSTZ grain surface. The two Ta 4d
peaks in the LSTZ XPS spectrum shift to a higher binding energy
in the PEO/LSTZ composite (Fig. 2C) while there are no obvi-
ous shifts for either Sr 3d or Zr 3d peaks (SI Appendix, Fig. S4 C
and D), indicating only the Ta5+ of perovskite LSTZ interacts
with the PEO/LiTFSI matrix. In comparison, the Ta 4d peaks in
LLZT did not show any obvious shift when compositing with
PEO (SI Appendix, Fig. S4E), which indicates that the Ta in
LLZT does not interact with PEO/LiTFSI. DFT calculations for
LiTFSI adsorption on the perovskite (001) surface (Fig. 2 D and
E) were conducted to study this interaction. O-terminated rather
than Ta-terminated (001) surface of perovskite was selected as
the stable adsorption substrate (SI Appendix, Fig. S5A). The

Fig. 1. Characterization of the PEO/LSTZ membrane. (A) XRD patterns of
LSTZ powder, PEO/LiTFSI, and PEO/LSTZ membrane with 20 wt % LSTZ. (B)
Arrhenius plots of the PEO/LSTZ membranes with varying wt % of LSTZ. (C)
Current–time profile of the Li symmetrical cell with PEO/LSTZ composite
electrolyte at an applied voltage of 10 mV. (Inset) Impedance spectra before
and after polarization. (D) Linear sweep voltammetry curves of the PEO/
LiTFSI and PEO/LSTZ electrolytes.
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differential charge density result further verifies the strong in-
teraction between TFSI anion and LSTZ substrate (SI Appendix,
Fig. S5B). As shown in Fig. 2F, the Ta5+–F− binding energy is
increased to 0.34 eV, which reduces the binding energy of Li+ to
TFSI− by 0.26 eV. These calculations indicate Li+ ions are re-
leased into the composite because of a much easier dissociation
of LiTFSI salts in the composite than in normal PEO owing to
the addition of LSTZ. In summary, as well as stabilizing the
amorphousness of PEO, the addition of highly conductive LSTZ
filler plays a key role in enhancing the Li+ ionic conductivity of
the composite via strong chemical coupling between the perov-
skite LSTZ and TFSI− anions through Ta5+–F− bonding at the
PEO/LSTZ interface.

The Symmetric Li/Li Cell and the Li/Composite Electrolyte Interface.A
symmetric LijPEO/LSTZjLi cell was assembled and cycled to
evaluate the long-term electrochemical stability of PEO/LSTZ
against Li metal. Fig. 3A presents the voltage profiles of the cell
at 100 μA cm−2 and 45 °C; the cell exhibits a stable plating/
stripping process over 700 h with a small overpotential of 57 mV.
In comparison, the symmetric cell with a PEO/LiTFSI only cy-
cled less than 200 h before short-circuiting (SI Appendix, Fig.
S6A), indicating an efficient suppression of lithium-dendrite
growth by the LSTZ filler. The LijPEO/LSTZjLi cell tested at
25 °C exhibits a large overpotential of 260 mV at 100 μA cm−2

(SI Appendix, Fig. S6B). The symmetric cell was also cycled at
different current densities to evaluate the ability of the com-
posite electrolyte to prevent lithium-dendrite growth. The sym-
metric cell with PEO/LSTZ cycled stably and exhibited low
overpotentials of 22, 110, 205, and 310 mV at 50, 200, 400, and
600 μA cm−2, respectively (Fig. 3B). However, the cell became
short-circuited when cycled at 800 μA cm−2 for 12 h (SI Ap-
pendix, Fig. S6C). The cycled Li metal surface with PEO/LSTZ
electrolyte (Fig. 3C) does not show any apparent lithium-dendrite
growth compared to the original lithium metal (SI Appendix, Fig.
S6D) except for some deposited granules. However, the cell with

PEO/LiTFSI electrolyte shows much larger particles on the cycled
lithium surface than those with PEO/LSTZ electrolyte (SI Ap-
pendix, Fig. S6E). The LSTZ in the composite not only increases
the Li+ conductivity, but also enhances the mechanical strength
and suppresses the growth of lithium dendrites to ensure a long-
cycle life. Perovskite LSTZ is reported to be unstable below 1.4 V
and becomes black when contacting lithium metal (SI Appendix,
Fig. S7A). This pristine and black LSTZ keeps the same perovskite
structure (SI Appendix, Fig. S7B). The reduction of LSTZ may
arise from impurities in the grain boundaries of LSTZ rather than
from the LSTZ itself. When compositing with PEO, the LSTZ
particles become shielded from being reduced by Li metal. The
cycled PEO/LSTZ membrane shown in SI Appendix, Fig. S7C re-
mains white after cycling, which confirms its good electrochemical
stability against Li metal.
Impedance spectra of a symmetric cell collected after different

cycling times (0–10 h) are shown in Fig. 3D. The Li/composite
interfacial resistance decreased from 595 to 90 Ω cm2 after 10 h,
indicating the formation of a stable solid electrolyte interphase
between the metallic Li anode and the composite electrolyte
(32–34). A similar phenomenon of a decreased Li/composite
interfacial resistance was also observed for the symmetric cell
without the lithium plating–stripping process (SI Appendix, Fig.
S8), which excludes the possibility of the formation of high-
surface-area lithium in the interface of LijPEO/LiTFSI. Pris-
tine and cycled PEO/LSTZ was measured with XPS to in-
vestigate the evolution of the Li/composite interface before and
after cycling. As shown in Fig. 4 A–E, the F 1s peak at 688.4 eV,
N 1s at 399.9 eV, C 1s at 292.8, and S 2p3/2 at 168.6 eV in the
pristine PEO-LSTZ sample are from the LiTFSI salt while the O
1s peak at 532.7 eV and C 1s peak at 286.4 eV are from PEO.
New peaks emerged in the spectra of cycled PEO/LSTZ. Spe-
cifically, the F 1s peak at 684.8 eV, O 1s peak at 531.8 eV, N 1s
peak at 398.1 eV, C 1s peak at 290.9 eV, and S 2p at 167.0 eV
corresponding to LiF, ROLi, Li3N, Li2CO3, and Li2SO3, respec-
tively. The Li 1s peak for the cycled PEO/LSTZ has a lower binding

Fig. 2. (A) High-resolution 6Li MAS NMR spectra of PEO/LiTFSI and PEO/LSTZ samples. (B) 6Li →7Li tracer-exchange NMR of PEO/LSTZ before (red) and after
(blue) cycling against 6Li metal: 6Li NMR spectra is above the 7Li. (C) High-resolution Ta 4d XPS spectra of LSTZ and PEO/LSTZ composite; the peak at 233.6 eV is
assigned to S 2s from the LiTFSI in PEO/LSTZ. The top (D) and side views (E) of the perovskite (001) atomic structure. (F) The crystallographic structure of LiTFSI
adsorbed on the O-terminated (001) surface of the perovskite with 1 O vacancy.
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energy and stronger intensity compared to that of the pristine
PEO/LSTZ (Fig. 4F), indicating the formation of Li-containing
compounds. As a result, the detected LiF, ROLi, Li3N, Li2CO3,
and Li2SO3 constitute a Li-containing interphase, which forms
on the surface of the PEO-LSTZ membrane after cycling; this in-
terphase layer helps to stabilize the electrode/electrolyte interface
(35–37).
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)

depth profiling and mapping of the interphase on the cycled
PEO/LSTZ membrane was conducted to further probe the
chemical evolution and elemental distribution of the SEI formed
in situ. The depth profiling in Fig. 5A shows a broad range of
fragments of interest are detected on the cycled PEO/LSTZ, of
which the Li-containing secondary ion fragments (LiS−, LiCO3

−,
LiF2−, and LiN−) represent the interphase while Ta/Sr-containing
species (TaO2−, TaF3−, and SrO−) originate from the PEO/LSTZ
electrolyte. The Li-containing fragments display obvious peak
signals at the beginning of the sputtering time, but then the
signals attenuate as the sputtering proceeds. In contrast, the
detected signals of Ta/Sr-containing species initially appear
weak, but increase over the entire sputtering time. The intensity
evolution of the fragments in the cycled PEO/LSTZ demon-
strates a layer of interphase covering the cycled PEO/LSTZ
membrane. A depth profile of the pristine PEO/LSTZ mem-
brane was also collected for comparison (SI Appendix, Fig. S9).
All of the fragments of interest for the pristine PEO/LSTZ were
somewhat more stable, but with lower intensities than those
for cycled PEO/LSTZ during the whole sputtering time, which

indicates that the detected species in the cycled PEO/LSTZ
mainly come from the interface layer formed during cycling
rather than from reaction products induced by the sputtering
process. The interphase is composed of Li-containing species at
the outer layer and transition-metal compounds in the inner
layer close to the membrane electrolyte (Fig. 5B). The detection
of transition-metal compounds indicates the LSTZ is involved in
the formation of an interphase between the electrolyte and Li
anode. A 3D view of the sputtered volume in Fig. 5C vividly
visualizes the distribution of the interphase formation on the
surface of PEO/LSTZ from the depth profile. On the basis of
these in-depth TOF-SIMS and XPS analysis, we can conclude
that an interphase layer composed of Li-containing species and
Ta/Sr compounds was formed in situ at the Li-metal/electrolyte
interface. The PEO and LiTFSI degrade during the lithium
plating–stripping process to form LiF, Li2O, Li3N, Li2CO3, and
Li2S (38, 39). On the other hand, the perovskite LSTZ reacts
with lithium metal to form transition-metal compounds such as
LiTaO3 and SrO. This interphase layer effectively improves the
contact between the Li anode and the PEO/LSTZ electrolyte,
promotes the wettability of the Li-metal anode, and suppresses
the Li dendrite formation during repeated cycles.

All-Solid-State Li-Metal Batteries with PEO/LSTZ Composite. All-
solid-state batteries with an LFP or a high-voltage NMC cath-
ode, a PEO/LSTZ electrolyte, and a lithium anode were as-
sembled to evaluate the feasibility of the PEO/LSTZ electrolyte
for practical applications. The as-assembled LFPjPEO/LSTZjLi
solid-state battery had a total resistance of 430 Ω (SI Appendix,
Fig. S10A), which is far smaller than those of other PEO-based
batteries (27). Fig. 6A depicts the representative charge–dis-
charge voltage profiles of the LFP solid-state battery at current
densities of 50, 100, and 200 μA cm−2. All of the curves display
clear, long, and flat voltage plateaus for the charge and discharge
process, indicating a fast Li+ transfer through the PEO/LSTZ
electrolyte and into the LFP cathode. In addition, the battery
shows a low voltage gap of 0.06 V at 50 μA cm−2; even at a high
density of 200 μA cm−2, the voltage gap remains less than 0.6 V.
The solid-state LFPjPEO/LSTZjLi battery also exhibits a good
rate capability (Fig. 6B). High capacities of 156, 149, and 128
mAh g−1 are delivered at, respectively, 50, 100, and 200 μA cm−2.
The capacity recovers to 143 mAh g−1 when the current returns
to 100 μA cm−2. Further evaluation of the electrochemical and
mechanical stability of the PEO/LSTZ membrane was per-
formed with a long-term cycling test in an LFPjPEO/LSTZjLi
cell at 150 μA cm−2. As shown in Fig. 6C, a stabilized capacity of
136 mAh g−1 is delivered after an activation reaction in the first
several cycles. After 350 cycles, the capacity remains at 123 mAh g−1

with a negligible capacity fade of 0.037 mAh g−1 per cycle. The
Coulombic efficiency remains above 99.5% over the duration of
cycling. In contrast, the cell with PEO/LiTFSI electrolyte can
only run less than 100 cycles before dying.
The PEO/LSTZ electrolyte also shows promising capability of

pairing with an NMC cathode for high-voltage all-solid-state
batteries. Since PEO is not capable of withstanding oxidation at
a high voltage (SI Appendix, Fig. S10B) (40), we replaced PEO by
poly(vinylidene difluoride) (PVDF) in the NMC cathode to
avoid exposing the PEO/LSTZ electrolyte to the high-voltage
NMC cathode. SI Appendix, Fig. S10C shows that the NMC
particles are uniformly covered by a PVDF binder, suggesting
that the PEO/LSTZ electrolyte is well protected in the cell sys-
tem. With such a protection strategy, the NMCjPEO/LSTZjLi
cells were charged to a high voltage up to 4.3 V with the char-
acteristic voltage profiles of an NMC cathode (Fig. 6D) (41, 42).
Rate capability results demonstrate that stabilized capacities of
around 151, 125, and 100 mAh g−1 are delivered at 50, 100, 150
μA cm−2, respectively (Fig. 6E). The NMCjPEO/LSTZjLi cell
also exhibits a reasonable cycling performance with a capacity

Fig. 3. (A) Long-term plating/stripping test in LijPEO/LSTZjLi symmetric cell
at 100 μA cm−2, and (B) at current densities from 50 to 600 μA cm−2 at 45 °C.
(C) The surface of Li metal after cycling the symmetric cell with PEO/LSTZ
electrolytes for 700 h at 100 μA cm−2 and 45 °C. (D) Impedance spectra of the
symmetric cell measured after different cycling times at 45 °C.

18818 | www.pnas.org/cgi/doi/10.1073/pnas.1907507116 Xu et al.

D
ow

nl
oa

de
d 

at
 F

lo
rid

a 
S

ta
te

 U
ni

ve
rs

ity
 L

ib
ra

rie
s 

on
 F

eb
ru

ar
y 

26
, 2

02
0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907507116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907507116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907507116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907507116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907507116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1907507116


retention of 119 mAh g−1 at 50 μA cm−2 after 120 cycles, which
corresponds to a retention of 81.5% of the highest discharge
capacity (Fig. 6F). At present, such a long cycling performance
has not been reported for an all-solid-state Li-metal battery with
a PEO-based polymer electrolyte and a Ni-rich high-voltage
cathode. The capacity loss on cycling is mainly attributed to
the formation of a passivating layer at the NMC/PVDF interface

as well as the volume contraction of the NMC particles during
delithiation. This contraction would cause the NMC to lose
contact with surrounding conductive carbon or PVDF binders
during delithiation (43). In contrast, the NMCjPEO/LiTFSIjLi
cell fades fast in capacity and delivers a poor cycle life. The all-
solid-state LijLFP and LijNMC batteries with the PEO/LSTZ
electrolyte exhibited a low capacity because of a low ionic con-
ductivity of the electrolyte, a large electrode/electrolyte in-
terfacial resistance, and a sluggish Li+ mobility in the cathode at
25 °C (SI Appendix, Fig. S11).

Conclusion
We report a flexible composite electrolyte membrane based on a
PEO polymer and a perovskite LSTZ that delivers Li+ conduc-
tivities of 5.4 × 10−5 and 3.5 × 10−4 S cm−1 at 25 and 45 °C,
respectively. XPS and DFT results reveal that the Ta5+ from the
perovskite LSTZ bonds strongly with F− in the TFSI− anion, thus
facilitating the release of Li ions from LiTFSI and significantly
improving the Li+ conductivity. Symmetric lithium cells with this
PEO/LSTZ electrolyte exhibit a stable, long-life Li stripping/
plating behavior over 700 h without obvious lithium-dendrite
growth. Moreover, the symmetric cell can be cycled at a high
current density up to 0.6 mA cm−2 with a low overpotential
of 310 mV, indicating a fast charge transfer and a stabilized
interface between the PEO/LSTZ electrolyte and Li metal.
LFPjPEO/LSTZjLi and high-voltage NMCjPEO/LSTZjLi solid-
state batteries exhibit good performance with a high capacity and
good rate capability. Surface analysis on the cycled electrolyte
membrane proves that an interphase layer is formed in situ at the
interface, which improves the contact between the Li anode and
PEO/LSTZ electrolyte, promotes the wettability of the Li-metal
anode, and suppresses the lithium-dendrite growth. The en-
hanced Li+ conductivity of the electrolyte membrane, an improved

Fig. 4. XPS spectra of the pristine and cycled PEO/LSTZ membrane: (A) F 1s, (B) O 1s, (C) N 1s, (D) C 1s, (E) S 2p, and (F) Li 1s; spectra of the pristine PEO/LSTZ
are below the cycled.

Fig. 5. (A) Normalized TOF-SIMS depth profiles of fragments of interest
collected from a cycled PEO/LSTZ membrane. (B) Schematic illustration
showing the chemical species of interest formed on the surface of the cycled
PEO/LSTZ. (C) Corresponding 3D distribution of the interphase on the cycled
PEO/LSTZ membrane.
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electrolyte/electrode interface, and a stable solid-state system all
contribute to the excellent performance of a solid-state battery with
a PEO/LSTZ electrolyte.

Materials and Methods
The PEO/LSTZ electrolyte membrane was prepared by drying a mixture of
PEO, LiTFSI, LSTZ powders, and acetonitrile in a vacuum oven at 50 °C for 24 h.
DFT calculations were performed with the Vienna Ab-initio Simulation
Package. The surface chemical analysis of the PEO/LSTZ were performed with
XPS and TOF-SIMS instruments. A symmetric LijPEO/LSTZj/Li cell was assem-
bled by sandwiching a PEO/LSTZ membrane between two lithium discs. The
Galvanostatic charge/discharge of the solid-state batteries was performed at
45 °C on a Land CT2001A battery-test system. More details on the materials
and methods can be found in SI Appendix.
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