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Abstract: Solid-oxide Li+ electrolytes of a rechargeable cell are
generally sensitive to moisture in the air as H+ exchanges for
the mobile Li+ of the electrolyte and forms insulating surface
phases at the electrolyte interfaces and in the grain boundaries
of a polycrystalline membrane. These surface phases dominate
the total interfacial resistance of a conventional rechargeable
cell with a solid–electrolyte separator. We report a new
perovskite Li+ solid electrolyte, Li0.38Sr0.44Ta0.7Hf0.3O2.95F0.05,
with a lithium-ion conductivity of sLi = 4.8 X 10@4 Scm@1 at
25 88C that does not react with water having 3, pH, 14. The
solid electrolyte with a thin Li+-conducting polymer on its
surface to prevent reduction of Ta5+ is wet by metallic lithium
and provides low-impedance dendrite-free plating/stripping of
a lithium anode. It is also stable upon contact with a composite
polymer cathode. With this solid electrolyte, we demonstrate
excellent cycling performance of an all-solid-state Li/LiFePO4

cell, a Li-S cell with a polymer-gel cathode, and a super-
capacitor.

Replacement of the flammable organic liquid electrolyte of
a Li-ion battery by a non-flammable solid Li+ electrolyte
from/to which low-impedance dendrite-free plating/stripping
of a metallic-lithium anode can occur over a long cycle life is
a high-priority technical target.[1] Dendrite-free plating/strip-
ping of a lithium anode over a long cycle life requires not only
wetting of the solid electrolyte by metallic lithium,[2] but also
an electric energy gap for the solid electrolyte of Eg> 5 eV
that has the bottom of its conduction band above the Fermi
level of metallic lithium.[3] High rates of charge/discharge
require a low impedance for plating/stripping across the
electrode/electrolyte interface as well as an ionic conductivity
of si> 5 X 10@3 S cm@1 at the operating temperature Top of the
cell.[4] Solid Li+ electrolytes previously reported are mostly
moisture-sensitive and plagued by the formation of insulating

surface layers on grain boundaries and at the anode/electro-
lyte interface that reduce the si value of a polycrystalline
electrolyte membrane.[5] Moreover, interfacial degradation
also prevents wetting of the solid electrolyte by lithium and
introduces a large interfacial resistance that increases with
cycling.[6] Herein, we report a new oxo-perovskite Li+

electrolyte, Li0.38Sr0.44Ta0.7Hf0.3O2.95F0.05, that provides low-
impedance plating/stripping of a lithium-metal anode over
a long cycle life if a thin Li+-conducting polymer coats the
surface contacting the anode; this coat suppresses the
reduction of Ta5+. Fluorine doping helps reduce the interfacial
resistance of the battery. The solid electrolyte is moisture-
tolerant at 3, pH, 14 and also retains a low-impedance
interface with a composite cathode. Full-cell assembly is
facile, and low-cost full cells with a long cycle life are
demonstrated.

Li0.38Sr0.44Ta0.75@xHf0.25+xO3@xFx (0, x, 0.1) samples pre-
pared by regular high-temperature sintering have a cubic
perovskite structure (Figure 1a; see also the Supporting
Information, Figure S1 a); only a very small amount of the
SrTa2O6 secondary phase exists. The lattice parameter of
Li0.38Sr0.44Ta0.75@xHf0.25+xO3@xFx (Table S1 and Figure S1 b)
increases with x because the ionic radius of Hf4+ is larger
than that of Ta5+. The Li0.38Sr0.44Ta0.7Hf0.3O2.95F0.05 (LSTHF5)
pellet has the highest density of 6.8 gcm@3 (Table S1), and
a few closed pores were observed in the pellet (Figure S2).
The density and mechanical strength of LSTHF5 pellets were
further improved by firing the LSTHF5 powders with spark
plasma sintering (SPS). The strong bonding between the
grains of LSTHF5 is evidenced by the transcrystalline rupture
(Figure 1c), which increases the Li-ion transport across the
grain-boundary. The LSTHF5 pellets fired by conventional
sintering and by SPS have room-temperature Li-ion con-
ductivities of 3.3 and 4.8 X 10@4 S cm@1, respectively (Figure 1b
and Figure S1 c).

High-resolution 6Li NMR spectroscopy was performed to
resolve the lithium local structural environment. The Li+ ions
in LSTHF5 have two different local environments with
resonances at d = 2.49 and 1.37 ppm (Figure 1d). The major
component at d = 2.49 ppm corresponds to 96 % of the total
integral while the minor component accounts for the remain-
ing 4%. The A site coordinated by twelve oxygen atoms in
a cubic perovskite structure (ABO3) is too large for a small
Li+ ion, and the face of the cubic framework containing four
coplanar oxygen atoms is large enough to accept a Li+ ion.
The Li+ ions in LSTHF5 can 1) occupy the faces bordering two
empty A sites (Figure S3) or 2) it is displaced from a face by
electrostatic repulsion from a Sr2+ ion on one side of the face.
The Li+/cubic face ratio in LSTHF5 is close to 1:8, and the
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small activation energy of 0.3 eV was ascribed to fast Li-ion
hopping between faces separating empty A sites (Fig-
ure S1d). Fast-ion dynamics are closely related to the spin–
lattice (T1) and spin–spin relaxation times (T2). Shorter
relaxation times, especially T1, imply fast Li-ion movement
(Figure 1e, f). The calculated T1 and T2 relaxation times show
distinct Li-ion motion between two different sites. Most Li
ions (at d = 2.49 ppm) in LSTHF5 are more mobile as is
indicated by the much shorter T1 and T2 times. The ratio
between the two separate magnetization quantities in both T1

and T2 relaxation measurements agrees well with the
proportion of the integrals extracted from the 6Li spectrum.

The electrochemical stability of LSTHF5 tested in a Li/
LSTHF5/Au cell is shown in Figure S4; the metallic lithium
anode and LSTHF5 electrolyte were separated by a 100 mm-
thick crosslinked Li-ion conductive polymer (CPEO) with
a Li ion conductivity of approximately 10@4 Scm@1 at 65 88C
and a high melting point exceeding 200 88C.[7] LSTHF5 is stable
between 1.3 and 4.5 V, but is unstable at voltages below 1.3 V
because of reduction of the Ta5+ ions.[8] A solid Li+-conduct-
ing lithium alloy[9] or polymer layer[10] is usually added

between a lithium metal anode and an oxide solid electrolyte
to 1) reduce the interfacial resistance, 2) retain the Li/solid-
electrolyte interface during cycling, and 3) homogenize the
current density through the solid electrolyte. The impedance
plot of the symmetric Li/Li cell is shown in Figure 2a;

LSTHF5 has a small interfacial resistance of about 220 Wcm2

with the CPEO, which is much smaller than that of the
Li7La3Zr2O12 garnet electrolyte (900 Wcm2).[10b] The symmet-
ric cell cycling at 0.5 mAcm@2 in Figure 2c has a low over-
potential of 0.6 V, and there is no notable voltage increase
after 240 h. Lithium only grows at the Li/CPEO interface in
the form of particles with an average size of 1 mm (Figure 2b),
and no lithium dendrites were observed on the Li metal
surface. The symmetric Li/CPEO/Li cell was short-circuited
at 0.4 mAcm@2 after 72 h, and the voltage kept increasing,
indicating an unstable interface (Figure S5). The current
density of the symmetric Li/Li cell with the LSTHF5 pellet is
almost double the critical current density of the cell with
a garnet electrolyte (300 mAcm@2).[6]

The chemical stability of a solid electrolyte upon exposure
to moisture and CO2 in the air determines the total internal
resistance of a Li-ion battery. The exchange of electrolyte Li+

and the H+ of adsorbed water as OH@ and (HCO3)
@ occurs

where the Li+ ions of the electrolyte are destabilized by Li+–
Li+ repulsion across a shared site face, which occurs in the
garnet Li7La3Zr2O12 ; the resulting LiOH and Li2CO3 phases
on the surface and the grain boundaries of a polycrystalline
membrane introduce a large internal resistance unless
removed by appropriate high-temperature annealing. The
mobile Li+ ions of the oxoperovskite LSTHF5 do not share
a common site face, and the Li+ ions displaced by a Sr2+

neighbor are not mobile. The TGA result of LSTHF5 aged in
the air for one year (LSTHF5/1Y) in Figure S6 a shows that it

Figure 1. a) XRD patterns of Li0.38Sr0.44Ta0.75@xHf0.25+xO3@xFx. b) Room-
temperature electrochemical impedance plots of the LSTHF5 pellets;
the impedance plot was fitted with an equivalent circuit (RtCPEt)-
(CPEel). c) SEM image of LSTHF5 prepared by SPS. d) High-resolution
6Li MAS NMR spectra of LSTHF5 ; results of spectral simulations
(green and blue lines and red dotted line) are displayed with the
experimental spectrum (black line). e, f) 7Li spin–lattice relaxation
times (T1) and spin–spin relaxation times (T2) of LSTHF5. Both short
and long T1 and T2 relaxation times are given in the Figure.

Figure 2. a) Electrochemical impedance plot of LSTHF5 in symmetric
Li electrodes at 65 88C. b) SEM image of Li metal after cycling the
symmetric Li/LSTHF5/Li cell. c) Charge and discharge voltage profiles
of the Li/LSTHF5/Li cell at 65 88C.
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has good chemical stability in the air; the weight loss of 0.1–
0.15 wt % between 180 and 320 88C can be assigned to the loss
of adsorbed water. The bands at 598 and 892 cm@1 in the
Raman spectra (Figure S6 b) of LSTHF5 and LSTHF5/1Y
originate from the vibration of Hf@O and Ta@O bonds,
respectively; no band at 1090 cm@1 corresponding to the
vibration of CO3

2@ was observed in the Raman spectra. The
fresh LSTHF5 and LSTHF5/1Y pellets have the same lattice
parameters (4.000 c) and nearly room-temperature Li-ion
conductivity (Figure S6c, d); all results indicate the excellent
stability of LSTHF5 in the air.

The stability of an oxide solid electrolyte in water is
important if it is used in an aqueous solution. However, most
oxide electrolytes are unstable in water, which limits their
application in an aqueous redox-flow battery.[11] For example,
the pH of neutral water increases to 12 after putting the
garnet electrolyte Li7La3Zr2O12 in water for several minutes
because of the fast exchange of Li+/H+, and the Li-ion
conductivity decreases by two orders of magnitude after the
reaction. To check the structural and chemical stability of
LSTHF5 in water with different pH values, LSTHF5 pellets
were immersed in water with pH 0, 3, 7, or 14 (LSTHF5-pH-x)
for two weeks. The Raman spectra and XRD results of the
LSTHF5-pH-x (3, x, 14) pellets in Figure 3a, b are the same
as those of the fresh LSTHF5 pellet, which confirms the good
stability of LSTHF5 in aqueous solution. Moreover, all of the
LSTHF5-pH-x (3, x, 14) and fresh LSTHF5 pellets have the
same lattice parameters of 4.000 c. The TEM images of
LSTHF5-pH-x (3, x, 14) powders in Figure S7 show that
the surfaces of the LSTHF5 powders retained the cubic
perovskite structure of the fresh LSTHF5 sample. The room-
temperature impedance plots of LSTHF5-pH-x (3, x, 14)
pellets dried at 100 88C showed that there was no obvious
change in the Li-ion conductivities between fresh LSTHF5

and LSTHF5-pH-x (3, x, 14) pellets (Figure S8). The Li-ion
conductivity of the LSTHF-pH-0 pellet decreased from 3.6 X
10@4 to 2 X 10@4 S cm@1, indicating good stability of LSTHF5

even in a strongly acidic environment. To check the possible
H+-ion conduction inside the perovskite after putting it in
water for 14 days, Li/organic electrolyte/LSTHF5-pH-x/
organic electrolyte/LiFePO4 batteries with LSTHF5-pH-x pel-
lets dried at 100 88C as separators were prepared; the Li/
LiFePO4 battery had a total resistance of approximately
400 W (Figure S9 a). The small overpotential and good cycling
performance of a Li/LiFePO4 battery (Figure S9 b, c) indicate
that the conductivity of the LSTHF5-pH-x (3, x, 14) pellets
is due to Li-ion transport and not to H-ion transport.

To further check the electrochemical stability of LSTHF5

in water with different pH values, a symmetric C/LSTHF5/C
supercapacitor with LSTHF5 as the separator was tested;
aqueous electrolytes with different pH values were added
into the carbon electrodes. In Figure S10, the LSTHF5 had an
interfacial resistance of 165 Wcm2 with carbon electrodes wet
by the electrolyte. The charge/discharge curves of the super-
capacitors with 3, pH, 14 in Figure 3c show a symmetric
triangular shape from the electric-double-layer capacitance,
and the specific capacitances are about 70–80 Fg@1. The
cycling capability of the C/LSTHF5/C supercapacitors at
0.1 mAcm@2 in Figure 3d showed that the specific capacitance
of C/LSTHF5/C at pH 3, 7, and 14 retained, respectively, over
95, 93, and 92.5% of its initial value after 1000 cycles
(Figure 3d), which indicates that the LSTHF5 is electro-
chemically stable in aqueous solution with 3,pH, 14.

The excellent stability of LSTHF5 in moist air and in
aqueous solution helps to reduce the interfacial resistance of
a Li-ion battery. An all-solid-state Li/LiFePO4 battery with
the LSTHF5 electrolyte was assembled to check the Li-ion
transport across the LSTHF5 interfaces. The Li-metal anode
and the LSTHF5 pellet were separated by the CPEO polymer,
which can suppress lithium-dendrite formation at the Li-
metal/polymer interface as confirmed in the symmetric Li/Li
cell. Carbon and the CPEO were added into the LiFePO4

cathode to provide electronic and ionic conductivities. In
Figure S11a, the total resistance of the all-solid-state Li/
LiFePO4 battery at 65 88C is about 600 Wcm2, which is much
smaller than that of the reported all-solid-state battery with
a fast Li-ion-conducting garnet pellet.[10b] LSTHF5 shows
a small interfacial resistance of 380 Wcm2 with the composite
LiFePO4 cathode. The LSTHF5 electrolyte also shows a much
smaller interfacial resistance with the solid polymer and the
composite LiFePO4 cathode than the antiperovskite Li2-
(OH)0.9F0.1Cl electrolyte because the antiperovskite electro-
lyte is highly unstable even in an organic electrolyte.[5c,10a] The
all-solid-state Li/LiFePO4 cell had low overpotentials of 0.15
and 0.28 V at 150 and 300 mAcm@2, respectively, with corre-
sponding initial discharge capacities of 142 and 128 mAh g@1

(Figure 4a). Capacities of 120 and 82 mAh g@1 at 150 and
300 mAcm@2 were retained after 100 and 200 cycles with
a high coulombic efficiency of 99.8–100% (Figure 4b).

To study the interfacial resistance and the performance of
LSTHF5 in a Li redox-flow battery, a Li-S cell with the
LSTHF5 solid electrolyte was assembled. The garnet and
LISICON electrolytes have been shown in hybrid Li-S

Figure 3. The chemical and electrochemical stability of LSTHF5 in
water with different pH values. a) Raman spectra, b) XRD patterns,
c) charge/discharge curves, and d) the cycling performance of C/
LSTHF5/C supercapacitors with LSTHF5 treated with water of different
pH values.
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batteries to block the severe polysulfide shuttle problem, but
the garnet electrolyte had a large interfacial resistance
(2620 Wcm2) with an inorganic electrolyte while the LISI-
CON Li1.3Al0.3Ti1.7(PO4)3 electrolyte reacted with the poly-
sulfide anions.[10b, 12] The LSTHF5 electrolyte is stable in a Li-S
battery because of the relatively large electrochemical
window. The total resistance of the Li-S cell with LSTHF5

in Figure S11b was 800 Wcm2, which is one third of that of the
Li-S cell with the garnet electrolyte.[10b] LSTHF5 displayed
a smaller interfacial resistance than LSHTFx with x = 0 in the
Li-S and all-solid-state Li/LiFePO4 cell (Figure S11); the
residual LiF on the grain surface may increase the stability of
the perovskite. The Li-S cell featured a small discharge versus
charge voltage gap (0.34 and 0.45 V) and discharge capacities
of 1074 and 980 mAhg@1 at 100 and 200 mAcm@2, respectively
(Figure 4c). The cell has a high coulombic efficiency of almost
100 % over the subsequent 200 cycles (Figure 4d), which is
much higher than that of the Li-S cell without LSTHF5,
indicating that the LSTHF5 can efficiently block the poly-
sulfide shuttle. The reversible cycling capacities stabilized at
about 975 mAh g@1 after 100 cycles with retention of 90.7 % of
the stabilized capacity in the second cycle. After cycling the
Li-S battery, the LSTHF5 pellet gave rise to the same Raman
spectrum and XRD pattern as the fresh LSTHF pellet
(Figure S12), indicating excellent stability of LSTHF5 in
Li-S batteries.

The chemical stability of oxide Li-ion electrolytes has
a great influence on the Li-ion transport across the electrode/
electrolyte interfaces in an all-solid-state Li-ion battery and
a Li-redox-flow battery. The new oxoperovskite electrolyte
Li0.38Sr0.44Ta0.7Hf0.3O2.95F0.05 (LSTHF5) has a high room-tem-
perature Li-ion conductivity of 4.8 X 10@4 S cm@1 and good
electrochemical stability up to 4.5 V. This perovskite electro-
lyte, which is stable in aqueous solution with pH 3–14, has
a much smaller interfacial resistance in aqueous solution,

a solid composite cathode, and a commercial organic electro-
lyte. The all-solid-state Li/LiFePO4 battery and a hybrid Li-S
battery with LSTHF5 solid electrolytes have high coulombic
efficiencies of 99.7–100% with stable long-term cycling
performances.
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