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Abstract: Li+-conducting oxides are considered better ceramic
fillers than Li+-insulating oxides for improving Li+ conduc-
tivity in composite polymer electrolytes owing to their ability to
conduct Li+ through the ceramic oxide as well as across the
oxide/polymer interface. Here we use two Li+-insulating oxides
(fluorite Gd0.1Ce0.9O1.95 and perovskite La0.8Sr0.2Ga0.8-
Mg0.2O2.55) with a high concentration of oxygen vacancies to
demonstrate two oxide/poly(ethylene oxide) (PEO)-based
polymer composite electrolytes, each with a Li+ conductivity
above 10@4 Scm@1 at 30 88C. Li solid-state NMR results show an
increase in Li+ ions (> 10%) occupying the more mobile A2
environment in the composite electrolytes. This increase in A2-
site occupancy originates from the strong interaction between
the O2@ of Li-salt anion and the surface oxygen vacancies of
each oxide and contributes to the more facile Li+ transport.
All-solid-state Li-metal cells with these composite electrolytes
demonstrate a small interfacial resistance with good cycling
performance at 35 88C.

Introduction

Development of low-cost and safe rechargeable Li-ion
batteries with a high energy density and a long cycling life is of
great importance to meet the increasing requirements of
different energy-storage applications such as all-electric
vehicles (EVs).[1] However, the flammable and toxic liquid
organic electrolytes in commercial rechargeable Li-ion bat-

teries react with a metallic Li anode and the high-voltage
cathodes to form an unstable solid electrolyte interphase
(SEI) layer that reduces the cycle life of the battery.[1a,2] All-
solid-state Li-metal batteries having a thin Li+-conducting
solid electrolyte and a high voltage/capacity cathode are much
safer and have a higher energy density than the conventional
rechargeable Li-ion batteries with a liquid organic electro-
lyte.[3] These enhanced properties of the solid-state battery
architecture are owing to the ability to plate lithium on the Li-
metal anode without lithium-dendrite formation. Li+ solid
electrolytes (including inorganic, polymer and inorganic/
polymer composite materials) are still not competitively
producible on a commercial scale because it is still quite
challenging to develop a thin, low-cost solid electrolyte
membrane with a high Li+ conductivity with the following
critical properties: a small interfacial resistance, a good
chemical stability with electrodes, a large electrochemical
window, and a strong inhibition of lithium-dendrite formation
at a high current density.[3]

Inorganic oxide (e.g., Ga/Ta-doped garnet
Li7La3Zr2O12),

[4] sulfide (e.g., argyrodite Li6PS5Cl),
[5] and

halide (e.g., Li3YCl6)
[6] electrolytes, with a high room-temper-

ature Li+ conductivity above 10@3 Scm@1 have been identified.
However, large interfacial resistance with electrodes, insta-
bility with Li-metal anode, and the small critical current
density at which the lithium dendrites penetrate the solid
electrolyte and short circuit the cell limit the application of
inorganic electrolytes in all-solid-state Li-metal batteries.[7]

Moreover, these fragile inorganic electrolytes usually have
a thickness above 200 mm, which significantly reduces the rate
performance and energy density of the battery. Compared
with the fragile inorganic solid electrolytes, solid polymer
electrolytes such as poly(ethylene oxide) (PEO) and polyac-
rylonitrile (PAN) are flexible and have better interfacial
contact with different electrodes than the inorganic electro-
lytes, which reduces the interfacial resistances of the bat-
teries.[8] However, these solid polymer electrolytes usually
have a low room-temperature Li+ conductivity around
10@6 Scm@1 and a small Li+ transference number about 0.2,
which increases the overpotential of the batteries and limits
the battery cycling temperatures to about 60 88C.[9]

Inorganic/polymer composite electrolytes with Li+ insu-
lating (e.g., nano-Al2O3)

[10] or Li+ conducting materials (e.g.,
Li3N,

[11] garnet Li7La3Zr2O12,
[12] and perovskite

Li0.33La0.56TiO3
[13]) as fillers have much higher Li+ conductiv-

ities than those of polymer electrolytes at room temperature
because of (1) the increase in concentration of Li+-conducting
amorphous polymer phase, (2) a new Li+ transport path is
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introduced on the inorganic materials/polymer interface, and
(3) the Li+ conduction in the Li+ conducting inorganic
materials. However, the complex Li+ conduction mechanisms
of these composite electrolytes are unclear; the Li+ transfer in
the polymer, on the inorganic/polymer interface, and across
the inorganic materials (if they are Li+ conducting) depends
on the material, particle size, concentration, morphology, and
distribution of the inorganic filler.[14] The thermal history,
testing temperature, and residual organic solvents of the
composite electrolytes also significantly influence their Li+

conductivities. Owing to the rapid development of fast Li+

conducting inorganic materials over the past several years,
there has been a strong focus on Li+-conducting inorganic
materials/polymer composite electrolytes. At low to moder-
ate loadings, these composite electrolytes are reported to
have similar Li+ conductivities as composite electrolytes with
the Li+-insulating-oxide fillers. High concentration of Li+-
conducting inorganic materials in the composite drastically
hinders Li+ transport, and the total Li+ conductivity of the
composite electrolyte is reduced.[15] The contribution of Li+

conduction across the Li+ conducting inorganic materials
seems to be negligible when the isolated inorganic particles
inside the composite do not form a suitable percolation
network for Li+ transfer, causing the Li+ conductivity to be
dominated by the low Li+ conductivity of the polymer.
Therefore, changing the local Li+ environments to activate
more mobile Li+ in the polymer by adding inorganic filler
materials that have a strong interaction with the polymer
electrolytes should be a useful strategy to improve the Li+

conductivity of the composite electrolytes and the Li+ transfer
within the polymers.

Polymer electrolytes with dissolved Li-salts interact with
the ceramic fillers through surface interactions; increasing the
surface defects of the fillers could modify the polymer/Li-salts
interaction, Li+ local environment, and the activation energy
for Li+ transport. To explore this possibility, we introduce two
commercial Li+-insulating oxides fluorite Gd0.1Ce0.9O1.95

(GDC) and perovskite La0.8Sr0.2Ga0.8Mg0.2O2.55 (LSGM) as
a ceramic filler to the poly(ethylene oxide) (PEO)-based
polymer; the oxygen vacancies V11

O

E C
in bulk and on the

particle surface of these two materials should increase the
interaction between the surface of oxides and the anion of the
Li-salt in the polymer, promoting the mobility of Li+ ions and

enhancing the Li+ conductivity of the composite electrolyte
above 10@4 Scm@1 at 30 88C. Density functional calculations
(DFT) show the formation of a bond between the TFSI@

anion of the Li-salt and the surface of the inorganic filler. The
fluorite GDC showed a much stronger interaction with the
TFSI@ anions than the perovskite LSGM. 7Li relaxation time
nuclear magnetic resonance (NMR) measurements confirm
the existence of two different local Li+ environments in the
composite polymer electrolytes (designated A1 and A2). The
distribution of Li+ in the A1 and A2 sites changes with the
introduction of GDC or LSGM. When the Li+ population in
the mobile A2 environment increases, the room temperature
Li+ conductivity of the composite electrolyte is improved.
Each composite electrolyte showed stable cycling and good
performance in an all-solid-state Li-metal battery with differ-
ent cathodes. The good cycling performance of the all-solid-
state cell with a cathode that can be inserted by the Li-salt
anion benefits from the undesirable small Li+ transference
number of the composite electrolyte.

Results and Discussion

Li+ transport in the composite electrolytes

The fluorite Gd0.1Ce0.9O1.95 (GDC) and perovskite
La0.8Sr0.2Ga0.8Mg0.2O2.55 (LSGM) with an average particle size
of 0.077 and 0.243 mm, respectively, are uniformly distributed
in the dense and flexible composite polymer electrolytes
(CPEs) (Figure S1). Oxygen-vacancy V11

O

E C
rich GDC[16] and

LSGM[17] have oxygen conductivities of 1.9X 10@2 and 3.4X
10@3 Scm@1 at 600 88C, respectively. Figure 1a and Figure S2a,b
show X-ray diffraction patterns of the composite electrolytes
(CPEs) with and without GDC and LSGM powders (CPE-
xGDC or CPE-xLSGM, where xwt% is the weight percent of
the GDC or LSGM powders). The peaks of the pristine GDC
and LSGM powders match the peaks of the powders in the
composite electrolytes, indicating their stability with PEO-
LiTFSI. The two characteristic peaks at 19.15 and 23.35
degrees 2q in the XRD pattern of PEO-LiTFSI electrolyte
without a filler are from crystalline PEO, and the broad peak
at 20 degree confirms the coexistence of crystalline and
amorphous phases in the PEO/LiTFSI electrolyte.[9b] These

Figure 1. a) XRD patterns, b) impedance plots (30 88C), and c) Arrhenius plots of Li+ conductivities of the composite electrolytes ([EO]/[Li] ratio
n=10).
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two small crystalline PEO peaks remained in the CPEs with
5 wt% GDC (CPE-5GDC) but disappeared in CPE-xGDC
membranes with x+ 10. The introduction of GDC and LSGM
fillers as a solid plasticizer increased the segment motion of
PEO chains at room temperature.

The introduction of a suitable amount of GDC and LSGM
powders can improve Li+ transfer in the PEO by increasing
the amount of the amorphous phase in the polymer electro-
lyte. Figure 1c and Figure S2c,d showed the Arrhenius plots
of Li+ conductivities of the CPEs with varying amounts of
GDC or LSGM powders. A CPE with 15 wt% nano-Al2O3

(CPE-15Al2O3), which has one order of magnitude higher Li+

conductivity than that of the PEO-LiTFSI electrolyte,[10] is
shown for comparison. The Li+ conductivities of all the CPE-
xGDC and CPE-xLSGM CPEs are higher than that of CPE-
15Al2O3 from 30 to 80 88C. CPE-5GDC and CPE-25LSGM
CPEs show the highest Li+ conductivities for each filler of
1.9X 10@4 and 1.3X 10@4 Scm@1 at 30 88C with an activation
energy of 0.26 and 0.28 eV from 30 to 80 88C, respectively. The
electronic conductivity of these CPEs is about 5.5X
10@10 Scm@1 (Figure S3). Increasing the concentration of
GDC and LSGM powders increases the interfacial surface
area between the powders and the polymer electrolytes, but
reduces Li+ conductivities (Figure S2c,d). This trend indicates
the Li+ conduction on the oxide/polymer interface does not
contribute significantly to the total Li+ conductivity in the
composite electrolyte; the high concentration of powders
dilute the polymer electrolyte and block Li+-transfer in the
polymer.

Local Li+ environments and conduction mechanism in the
composite electrolytes

The high Li+ conductivity of the CPE-5GDC composite
electrolyte with a mixed amorphous and crystalline phase
indicates the oxygen conducting inorganic fillers have an
effect on the Li+ conduction in CPEs. High-resolution solid-

state Li nuclear magnetic resonance (NMR) spectroscopy
allowed the investigation of the local Li+ environments and
the mechanism of Li+ conduction in these CPEs (Figure 2).
Figure 2a shows the 7Li MAS NMR spectra of three CPEs,
each consisting of a different oxide filler (GDC, LSGM, and
Al2O3) and an [EO]/[Li] ratio n= 13. Two peaks correspond-
ing to two different Li+ environments were identified by
fitting the asymmetric peak in the NMR spectra. The Li ions
related to the right peak (A1; colored red in the Figure) are
trapped by the coordinated oxygen in PEO and have less of
a contribution to the Li+ conduction at room temperature; the
left peak (A2; colored green in the Figure) originates from
the more mobile Li+ ions in PEO. The greater mobility of the
Li+ ions in the A2 site stems from greater local disorder and
weaker interaction with the oxygen in PEO.[15b,c] Introduction
of Al2O3, LSGM, or GDC increased the population of mobile
Li+ by 9.7%, 11.1%, and 14.5% in the A2 site, respectively,
which is reflected in corresponding variances in the peaks of
the NMR spectra. This result is in agreement with the
enhancement of Li+ conductivity observed in the EIS
measurements (Figure 1b) and is further corroborated by
the obtained 7Li longitudinal T1 relaxation times (Table S1).
The values of 7Li T1 decreased (i.e., higher Li+ mobility) when
the PEO-LiTFSI matrix is infused with oxide fillers Al2O3

(0.48 s), LSGM (0.35 s), and GDC (0.25 s). In addition to the
7Li T1 times, a broadening linewidth for the A2-site peak for
the mobile Li+ in CPE(13:1)-5GDC qualitatively suggests
that V11

O -enriched GDC is more effective in creating the
disordered local Li+ environment that is favorable for Li+

conduction. The up-field shift of the 7Li signal in CPE (13:1)-
Al2O3 in Figure 2a indicates the introduction of Al2O3

increased the Li+ conductivity by weakening the PEO–Li+

interaction. However, the impedance spectra and 7Li T1

measurements suggest the down-field (higher ppm) shift of
7Li signals in both the CPE(13:1)-25LSGM and CPE(13:1)-
5GDC is owing to the nature of the oxygen vacancies in each
structure rather than the increased PEO–Li+ interaction.

Figure 2. 7Li MAS NMR spectra of the composite electrolytes with different [EO]/[Li] ratios a) n=13, b) n=10; c) 7Li MAS NMR spectra of the
composite electrolyte before/after 6Li ! 7Li tracer-exchange experiment at room temperature.
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Figure 2b shows the 7Li MAS NMR spectra of CPEs
consisting of one of three oxide fillers (GDC, LSGM, and
Al2O3) with a [EO]/[Li] ratio n= 10. The LiTFSI concen-
tration (from [EO]/[Li] ratio n= 13 to [EO]/[Li] ratio n= 10)
show a negligible impact on modifying the local Li+ environ-
ments when the PEO-LiTFSI matrix is dosed with the same
wt% of LSGM/GDC (Figure 2b). Since the 7Li chemical
shifts in CPE(10:1)-5GDC and CPE(13:1)-5GDC (or in
CPE(10:1)-25LSGM and CPE(13:1)-25LSGM) are almost
identical (DGDC= 0.072 ppm; DLSGM= 0.043 ppm), the pri-
mary contribution to the observed 7Li chemical shifts (i.e.,
different Li+ local environment) stems from adding the
insulating oxides (GDC/LSGM) with oxygen vacancies
instead of being dominated by PEO–Li+ interactions as has
been previously reported in the literature.[18] 54.9% and
51.8% Li+ ions are identified in the fast Li-conducting A2
environment for the CPE-5GDC and CPE-25LSGM compo-
site electrolytes with [EO]/[Li]= 10 (Figure 2b), respectively.
Increasing the LiTFSI concentration increased the Li+A2/
Li+A1 ratio as well as the total number of Li+ ions in the A2
site causing Li+ ions with greater mobility to participate in the
Li+ transport in CPEs. The CPEs with n= 10 showed a Li+

conductivity an order of magnitude higher than that of the
CPEs with n= 13 (Figure S4). As expected, the CPE(10:1)
and the CPE(10:1)-15Al2O3 show a reduced 7Li T1 time.
However, CPE(10:1)-GDC/LSGM electrolytes (Table S1)
have longer 7Li T1 times than the CPE(13:1)-GDC/LSGM.
This anomaly in the 7Li T1 times suggests that the increased
density of mobile Li+ ions in CPE(10:1)-GDC/LSGM along
with the assistance from oxygen vacancies gives rise to liquid-
like motion with longer 7Li T1 time behavior, which agrees
with previous work.[19]

After identifying the positive effect of the O2@–V11
O

interaction on Li+ conductivity in the CPEs, we used 6Li !
7Li tracer-exchange NMR to verify the Li+ transport pathway
and explore the conduction mechanism in CPE(10:1)-LSGM/
GDC. As shown in Figure 2c, the fraction of 7Li signals (A2)
significantly reduces (note decrease in intensity/height) in
both the CPE(10:1)-LSGM/GDC after cycling with 6Li
electrodes. The more 7Li that gets replaced with 6Li in the
CPEs during the tracer-exchange, the more mobile the Li+ is
in the corresponding environment that is responsible for
conduction. This finding is consistent with our previous
work.[15c] It should be noted that a significant reduction of 7Li
signal in the A2 site is revealed in CPE(10:1)-5GDC,
suggesting that O2@–V11

O interaction in CPE(10:1)-5GDC is
much stronger than that in CPE(10:1)-25LSGM, and 7Li in
CPE(10:1)-5GDC is much more easily replaced by 6Li.

Density functional theory (DFT) calculations were per-
formed to investigate the interaction between the surface of
the GDC/LSGM/Al2O3 powders and the Li-salt in the
polymer electrolytes. Three possible adsorption geometries
for coordination of the TFSI ions to the surface of the fillers
(SO2 contact, CF3 contact, and parallel contact) were
calculated. The geometry with the SO2 slab contact showed
the largest adsorption energy (Figure S5). As illustrated in
Figure 3, the TFSI@ anions tend to bind to the surface of the
crystal with the O attachment. The accumulation of the
electrons between the O atom of TFSI@ anion and the surface

of the crystal indicates the formation of a bond between the
TFSI@ anion and the surface of the inorganic filler, as shown
in Figure 3a. All three surfaces show a strong binding with
TFSI@ anions; the GDC surface has the strongest TFSI@

adsorption capability while the Al2O3 surface has the weakest
TFSI@ adsorption energy. This same trend is also seen with the
experimentally measured Li+ conductivity (Figure 3b). The
Li+ binding energy to the adsorbed TFSI@ is also calculated
and compared to the conventional LiTFSI binding energy
(Figure 3c). The trend of Li+–TFSI@ binding energies corre-
sponds well to our hypothesis; the stronger the TFSI@ binding
to the surface of the inorganic filler, the weaker it binds to the
Li+. The higher Li+ transference number of CPE-5GDC
(0.26) electrolyte than those of CPE-25LSGM (0.18) and
CPE-15Al2O3 (0.13) electrolytes is also consistent with the
result of the strongest TFSI@ adsorption occurring on the
GDC surface. The Li+ transfer benefits in several ways from
the adsorption of TFSI@ on the surface of oxide particles by
(1) reducing the Li+–TFSI@ interaction and releasing more
Li+, thus increasing the Li+ transference number in the
electrolyte, and (2) changing the Li+ distribution, as shown in
the NMR results. The introduction of the GDC filler
decreased the Li+ binding to the TFSI@ anion the most, thus
leading to the largest enhancement of the Li+ transference
number and Li+ conductivity in the electrolyte. The binding
energy of Li+ on the adsorbed TFSI@ in CPE-15Al2O3

(4.15 eV) is very similar to that of unbound free TFSI@

(4.18 eV), limiting the enhancement of Li+ transfer from the
inorganic filler.

Fourier transform infrared spectroscopy (FTIR) was
employed to analyze the ion-pairing of TFSI@ anions and
further elucidate the bonding between the TFSI@ anions and
the GDC/LSGM particles (Figure S6). The peak centered at
740 cm@1, which corresponds to the S@N stretching of free
TFSI@ anions, is sensitive to ion pairing.[20] This peak did not

Figure 3. a) Calculated differential electron density distribution on the
surface of GDC, LSGM, and Al2O3. Blue and red isosurface represent
electron accumulation and depletion, respectively. b) TFSI@ adsorption
energy on the surface of the crystal and the corresponding experimen-
tal measured Li+ conductivity. c) Calculated Li binding energy of the
TFSI@ adsorbed on each substrate surface, free TFSI@ (purple), and
free PEO (black).

Angewandte
ChemieResearch Articles

4134 www.angewandte.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 4131 – 4137

http://www.angewandte.org


shift or broaden with the introduction of GDC/LSGM fillers,
indicating that most of the lithium salt is dissociated in PEO.
The small perturbation at 745 cm@1 comes from undissociated
LiTFSI. The ratios of paired TFSI@ anions in the CPE-
25LSGM and CPE-5GDC are much higher than those of
CPE-15Al2O3. The higher Li+ conductivity of the CPEs with
GDC and LSGM indicate that TFSI@ anions are partially
paired by the positively-charged oxygen vacancies on the
surface of LSGM and GDC rather than the Li+ ions in PEO.

Symmetric Li/Li cell with the composite electrolytes

A symmetric Li/CPE-5GDC/Li cell was cycled at 35 88C to
investigate the compatibility of the composite electrolyte with
a Li-metal anode. From a symmetric cell, the plating/stripping
process of lithium, and the Li/composite electrolyte interface
stability during cycling can be thoroughly investigated prior to
evaluating performance in a full cell. Figure 4a shows the

electrochemical impedance plots of the symmetric cell before
and after cycling the cell at 35 88C for 800 h; the Li/CPE-5GDC
interfacial resistance slightly increased from 163 to 185 Wcm2

after cycling. The symmetric cell (Figure 4c) showed stable
cycling from 0.05 to 0.2 mAcm@2 for 800 h, indicating a stable
Li/CPE-5GDC interface with the ability to suppress lithium-
dendrite growth. The symmetric cell was disassembled after
cycling to extract the lithium metal for examination of any
morphological changes of lithium metal upon repeated long-
term plating/stripping. Figure 4b shows that the surface of the
Li metal after cycling is flat and does not show any evidence of

lithium dendrite formation. The CPE-25LSGM composite
electrolyte had comparable cycling performance to the CPE-
5GDC composite electrolyte in the Li/Li symmetric cell
(Figure S7).

All-solid-state Li-metal batteries with the composite electrolytes

All-solid-state Li-metal batteries with different cathodes,
including LiFePO4 (LFP), LiNi0.8Mn0.1Co0.1O2 (NMC), and
a polyaniline organic cathode, were assembled to evaluate the
electrochemical performance and stability of the composite
electrolyte in an all-solid-state battery configuration. PEO/
LiTFSI and PVDF/LiTFSI were added to the LFP and NMC
cathode, respectively, to provide a matrix with Li+ conduc-
tivity in the cathode. The all-solid-state Li/LiFePO4 cell had
a total resistance of 330 Wat 35 88C (Figure S8) with a discharge
capacity of 160 and 128 mAhg@1 at 100 and 300 mAcm@2,
respectively. The stability of CPE-5GDC up to 4 V (Fig-
ure S9) was confirmed with linear sweep voltammetry of a Li/
CPE-5GDC/stainless steel cell.[21] We attribute the high
coulombic efficiency (about 99%) and long cycle life
performance to the superior stability of the CPE-5GDC
composite in the operating voltage of the Li/LFP. The PVDF/
LiTFSI electrolyte in the NMC cathode has a lower Li+

conductivity (10@6 to 10@5 Scm@1), but better electrochemical
stability at high voltage (stable up to 4.8 V vs. Li+/Li) than the
PEO/LiTFSI electrolyte at 40 88C.[15c] The all-solid-state Li/
NMC cell shows a total resistance of 460 W at 35 88C (Fig-
ure 5a), and the cell cycled from 2.8 to 4.3 V had a discharge
capacity of 156, 135, and 108 mAhg@1 at 50, 100, and
150 mAcm@2, respectively (Figure 5b). When the current
density was changed back to 100 mAcm@2, the capacity
recovered with negligible decay (Figure 5c). The coulombic
efficiency of the cell remained above 99% over 100 charge/
discharge cycles while retaining a capacity of 100 mAhg@1.

The small Li+ transference number of the composite
electrolyte represents the TFSI@ anions having weak inter-
actions with PEO are more mobile than the Li+, which usually
introduces a concentration polarization during cell cycling. To
minimize the concentration polarization upon cycling in the
all-solid-state setup, we opted for a polyaniline organic
cathode into which TFSI@ anions can insert. The ability of
TFSI@ anions to insert into the polyaniline effectively
removes the concentration polarization that would otherwise
present itself with a traditional lithium insertion cathode. The
total resistance of the Li/CPE-5GDC/polyaniline cell is 280 W

at 35 88C (Figure 5d). The TFSI@ anions inserted into the
polyaniline during charge, and were extracted back into
electrolyte during discharge.[22] Figure 5e shows the sloping
charge/discharge voltage curve resulting from the reversible
insertion/extraction of the TFSI@ . The cell showed a good rate
performance with a discharged capacity of 110, 105, and
80 mAhg@1 at 50, 100, and 200 mAcm@2, respectively. Stable
cycling for 160 cycles with a high coulombic efficiency of
99.5% is demonstrated in Figure 5 f.

Figure 4. The symmetric Li/Li cell with CPE-5GDC composite electro-
lyte. a) The impedance plots of the Li/Li symmetric cell before and
after cycling. b) SEM image of lithium metal surface after cycling.
c) The cycling performance of the symmetric Li/Li cell with different
current densities at 35 88C. The surface area of Li metal was 0.5 cm2.
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Conclusion

In summary, the strong interaction between the surface
oxygen vacancies of GDC/LSGM and the TFSI@ anions in the
composite polymer electrolyte changes the Li+ distribution in
two local environments. The increase of mobile Li+ ions in A2
significantly enhances the Li+ conductivity of the composite
electrolyte, allowing for an all-solid-state Li-metal battery
cells that cycles well at a reduced temperature. The low Li+

transference number of the composite electrolyte is advanta-
geous for an all-soild-state cell with a cathode that allows for
the insertion of the Li-salt anion from the composite electro-
lyte.
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