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Abstract: A fluorine-doped antiperovskite Li-ion conductor
Li2(OH)X (X = Cl, Br) is shown to be a promising candidate
for a solid electrolyte in an all-solid-state Li-ion rechargeable
battery. Substitution of F¢ for OH¢ transforms orthorhombic
Li2OHCl to a room-temperature cubic phase, which shows
electrochemical stability to 9 V versus Li+/Li and two orders of
magnitude higher Li-ion conductivity than that of orthorhom-
bic Li2OHCl. An all-solid-state Li/LiFePO4 with F-doped
Li2OHCl as the solid electrolyte showed good cyclability and
a high coulombic efficiency over 40 charge/discharge cycles.

Interest in next generation Li-ion batteries with guaranteed
safety has stimulated intensive work on solid Li-ion electro-
lytes for all-solid-state batteries and as separators for high-
capacity batteries with redox-flow electrodes.[1–6] The electro-
lytes of todayÏs commercial rechargeable Li-ion batteries
consist of a mixture of organic solvents with a Li-ion salt;
these electrolytes are flammable and have limited electro-
chemical windows, usually Eg� 3.0 V. In addition to greater
safety, a solid Li-ion electrolyte that is chemically stable and
wet on contact with metallic Li would enable use of a Li-metal
anode without dendrite formation; and if it has a window that
extends beyond 6 V, it would allow realization of a 5-V
rechargeable cell.

Oxides with garnet, LISICON, and perovskite structures
have been investigated as Li-ion solid electrolytes.[7–17] The
garnet electrolyte has a huge interfacial resistance against
a Li-metal anode; its surface is not wet by metallic lithium,
and dendrites have penetrated garnet grain boundaries.[18,19]

The commercial Li1.3Al0.3Ti1.7(PO4)3 with the LISICON struc-
ture and the perovskite Li3xLa2/3-xTiO3 or Li3/8Sr7/16M1/4Ta3/4O3

(M = Zr or Hf) are all reduced on contact with Li metal owing
to the reduction of TiIV or TaV.[20, 21] Of the non-oxide Li+

electrolytes, the sulfide Li10GeP2S12, although exhibiting
a remarkably high Li-ion conductivity,[22] is not stable in an
all-solid-state battery with a metallic Li anode and an oxide
cathode.[23]

A report[24] of a Li-ion conductivity of 10¢3 Scm¢1 in the
antiperovskite “Li3OX” (X = Cl, Br) has stimulated interests
in these structures as promising solid Li-ion electrolytes.
However, subsequent studies of the Li+ conductivity in
crystalline “Li3OX” compounds have reported room-temper-
ature conductivities from 5 × 10¢7 to 2 × 10¢4 S cm¢1,[24–27] with
indications that the as-prepared “Li3OX” may be Li2OHX
antiperovskite rather than Li3OX. Herein, we report that
replacing some of the OH- by F- is possible and that
Li2(OH)0.9F0.1Cl is demonstrated to be a promising Li-ion
solid electrolyte that is stable on contact with metallic Li and
has an energy window extending to 9 V versus Li+/Li.

The X-ray diffraction (XRD) patterns of the as-prepared
“Li3OBr” and Li2OHBr samples as well as for those obtained
by different water contents in the starting materials are shown
in Figure 1a. The assumed “Li3OBr” sample was prepared, as
has been reported, by firing LiOH and LiBr at 400 88C for

Figure 1. XRD patterns of a) Li2OHBr, H-doped Li3OBr with different
water content and b) Li2(OH)1¢xFxCl, c) Lattice parameters and unit-cell
volume of Li2(OH)1¢xFxCl, d) SEM image of Li2(OH)0.9F0.1Cl.
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12 h.[24] We were unable to prepare “Li3OBr” by directly
melting dry LiOH and LiBr; the H+ of LiOH is hard to be
removed in the form of H2O because of the strong O¢H bond
of the OH¢ ion as has been reported for attempts to prepare
Na3OX from NaOH and NaX as the starting materials.[28]

However, it is easy to obtain Li2OHBr in 30 min at 350 88C
from the following reaction in Equation (1):

LiBrþ LiOH! Li2OHBrþH2O ð1Þ

Moreover, dry Li2O and LiX do not react at 350 88C or even
at the higher temperatures of 500–600 88C; and calculation
shows that Li3OCl has a positive formation energy relative to
a two-phase mixture of LiCl and Li2O.[29] We found the
reaction of dry Li2O and LiX depends on the amount of water
added to the starting materials. With less than 10 wt% water,
a multiphase product containing Li2OHBr and layered
Li7O2Br3 were formed, Figure 1a. The colors of the products
with and without water fired at high temperatures are white
and black, respectively (Figure S1). The lattice parameters of
cubic Li3¢xOHxX (X = Cl and Br) decreases as the H+

concentration x increases.[30] The reported “Li3OBr” and
Li2OHBr have the same lattice parameter a = 4.056 è; so
“Li3OBr” and Li2OHBr may have very close hydrogen
content. The only exception is a LiBr-deficient sample
reported by Zhao and Daemen,[24] which has a smaller lattice
parameter 4.02 è and a higher Li-ion conductivity of
10¢3 Scm¢1. A Fourier Transform Infrared Spectrum of
“Li3OBr” shows a peak at 3200–3600 cm¢1 (Figure S2),
which corresponds to the stretching vibration of OH¢ . The
protons replace a Li+ of the antiperovskite structure in
Li2OHBr. Pure cubic “Li3OBr” and Li2OHBr samples were
obtained as well by aliovalent cation doping, high-energy ball-
milling, or liquid-N2 quenching; each sample showed a low Li-
ion conductivity of 10¢6 S cm¢1 at room temperature (Figur-
es S3 and S4). Figure 1b shows XRD patterns for Li2-
(OH)1¢xFxCl (x = 0–0.3) obtained with LiOH, LiCl, and LiF
as the starting materials. Both the cubic lattice parameter and
cell volume of Li2(OH)1¢xFxCl decrease progressively with F¢

content (Figure 1c), which is caused by the different values of
ionic radii of F¢ (1.33 è) and (OH)¢ (1.37 è) ions. The F¢ and
X¢ elements were evenly distributed in Li2(OH)0.9F0.1Cl
(Figure S5) and Li2OHBr (Figure S6). Almost 100 %-dense
Li2(OH)0.9F0.1Cl pellets were prepared at 350 88C in 30 min,
Figure 1d. In contrast to this simple, low-cost synthesis, which
is suitable for large-scale production, the preparation of other
ceramic Li+ electrolytes require sintering for long times at
high temperature with several intermediate grindings. More-
over, a special firing technique such as spark plasma sintering
or hot-pressing may be required to obtain a high-density
ceramic Li+-electrolyte pellet.

The substitution of F¢ for OH¢ also increases the cubic
antiperovskite tolerance factor for “Li3OX” [Eq. (2)]:

t ¼ ðX¢LiÞ=
ffiffiffi
2
p

O¢ Lið Þ
� �

ð2Þ

where X-Li and O-Li are the equilibrium bond lengths.
Increasing t to over 0.9 stabilizes the cubic phase. A t = 0.85

and 0.91 for X = Cl and Br, respectively, is obtained with
Shannon tabulated ionic radii; the size of Br¢ is larger than
Cl¢ for the A site in the antiperovskite structure. With a t =

0.85, Li3OCl should be distorted to a lower symmetry, and its
cubic form is dynamically unstable with respect to coopera-
tive Li6O octahedral rotations; and Li2OHCl and Li2OHBr
have, respectively, room-temperature orthorhombic and
cubic structures. Increasing t by F¢ substitution for OH¢

makes Li2(OH)0.9F0.1Cl cubic at room temperatures, hereby
favoring a disordering of the OH¢ orientation.

The crystal structure of cubic Li2OHCl as determined by
neutron diffraction[31] is shown in Figure 2a; the Li vacancies

are ordered to make each oxide ion coordinated by 4Li+ and
2H+ cations. The Li+ ions form 18088 O¢Li¢O bonds in the
cubic phase and the H+ ions are displaced from a cubic edge
to form linear O¢H¢Cl bonds in Li2OHCl and bent O¢H¢Br
bonds in Li2OHBr because of the larger size of the Br¢ ions. A
Li+ jump to a Li+ vacancy is through a triangular O2¢(X)¢2 site
(see Figure 2 b,c); the Li+ jump is hindered by the coulomb
repulsion and steric hindrance of the H+ ions with a fixed O¢
H¢X hydrogen bond. An abrupt change of the Li+ conduc-
tivity from 10¢8 to 10¢5 S cm¢1 of Li2OHCl at an orthorhombic
to cubic transition near 35 88C indicates that a random
orientation of the hydrogen bond to one of its 8 nearest-
neighbor X¢ ions in the cubic structure facilitates rotations of
the hydrogen bonds to lower the activation energy for a Li+

jump to a neighboring Li-site vacancy. Substitution of F¢ for
an OH¢ anion not only reduces the number of hindering H+

ions, but also stabilizes the more favorable cubic phase at
room temperature.

The room-temperature conductivity data for cubic Li2-
(OH)1¢xFxCl with x = 0.1 and 0.15 shown in Figure 3 a exhibits
a low-frequency tail characteristic of electrode blocking of
mobile ions. The impedance plot is fit with the conventional
equivalent circuit shown in the insert of Figure 3 a. The

Figure 2. a) Crystal structure of cubic Li2OHCl; H+ is on the axis of
a O¢Cl bond and forms an OH¢ bond; the triangle is the Cl-O-Cl
plane in the path of Li-ion transport. Red open squares indicate Li
vacancies. b),c) The size of the Cl-O-Cl triangle in cubic Li2OHCl and
the Br-O-Br triangle in Li2OHBr or “Li3OBr”.
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measured Li+ conductivities of 3.5 × 10¢5 S cm¢1 at 25 88C
agrees well with prediction from ab initio molecular dynamics
(AIMD) simulations made with a combination of percolation
theory and first-principles calculations;[32] it is about 2 orders
of magnitude lower than that originally reported by Zhao; it is
also a little lower than that of garnet and LISICON-structured
oxide electrolytes. The Arrhenius plot of Figure 3b over 298–
430 K gives activation energies of 0.52 and 0.75 eV, respec-
tively, for Li2(OH)0.9F0.1Cl and Li2OHBr. Li2(OH)0.9F0.1Cl
exhibited a high Li-ion conductivity of 1.9 × 10¢3 Scm¢1 at
100 88C (Figure 3c). The higher activation energy in Li2OHBr
resulted from the larger size of Br ions, which squeezes the Li-
ion transport channel. Larger size anions (Br¢ or I¢) in the 12-
coordinated X sites will significantly hinder the Li-ion
movement inside the antiperovskite framework, while a LiX
deficiency of Li2OHX other than by a aliovalent cation
doping might be more efficient to lower further the activation
energy of Li-ion transport and increase Li-ion conductivity.

The cyclic voltammograms of Li2(OH)0.9F0.1Cl and
Li2OHBr are shown in Figure 4 a,b. The small peak in the
initial anodic sweep near 0 V corresponds to the reduction of
Li2(OH)0.9F0.1Cl by Li insertion at the surface of the electro-
lyte to form a passivating interface layer that enables using
a melting metallic Li anode in Li rechargeable battery with
Li2(OH)0.9F0.1Cl or Li2OHCl electrolyte at 190 88C;[27] but a Li
dendrite can still penetrate Li2(OH)0.9F0.1Cl or Li2OHCl
electrolyte and short-circuit the cell at 65 88C (Figure S1).
There were no other oxidation/reduction peaks to 9 V. The
protons inside the electrolyte are strongly attached to the
oxygen and their movements should, therefore, be limited to
rotations of the (OH)¢ anion. The “Li3OCl” has been
reported to decompose into Li2O2, LiCl, and LiClO4 above
an applied voltage of 2.5 V. Replacement of Li+ by H+

appears to have stabilized a metastable “Li3OCl” to a stable

Li2OHCl. The antiperovskite materials are very hydroscopic;
the room-temperature Li-ion conductivities of the antiper-
ovskite materials increase several orders of magnitude and
they are unstable at high voltages above 3 V after they absorb
the water in air. For example, the room-temperature con-
ductivity of Li2(OH)0.9F0.1Cl from EIS increased from 10¢5 to
10¢2 Scm¢1 after the Li2(OH)0.9F0.1Cl powders were exposed
to air for 10 seconds; the conductivity increase may be from
the fast proton movement inside the pellet. The cyclic
voltammetry of Li/water-contaminated Li2(OH)0.9F0.1Cl/Au
cell showed that Li2(OH)0.9F0.1Cl was unstable at voltages
above 2 V after the Li2(OH)0.9F0.1Cl powders were contami-
nated by moisture (Figure S7).

To confirm that Li+ is the mobile ion in Li2(OH)0.9F0.1Cl
and to test the performance of the electrolyte, we fabricated
a LiFePO4/Li all-solid-state cell in which the LiFePO4 cathode
was embedded in a Li+-conductive polymer membrane
containing a polymer binder and an electronic conductor
carbon black in a loading of 5 mgcm¢2. The Li-metal anode
and Li2(OH)0.9F0.1Cl electrolyte were separated by the Li+-
conducting polymer membrane (100 mm thick with sLi =

10¢4 Scm¢1 at 65 88C), which significantly reduced the inter-
facial resistance of the cell and suppressed any Li-dendrite
growth (Figure 3d); the polymer membrane is also stable up
to 4.7 V at 65 88C (Figure S8). Figure 4c shows the charge/
discharge voltage profiles at 0.2 and 0.5 C at 65 88C; no
irreversible capacity loss is observed in the initial cycle since
the Li-metal/electrolyte interphase formed during assembly
contains Li+ from the anode. It shows an initial discharge
capacity of 125 and 108 mAh g¢1 at 0.2 and 0.5 C, respectively.
The capacity is retained at 120 mAh g¢1 during the initial
15 cycles at 0.2 C with a coulombic efficiency of 99� 0.5%
over 40 cycles, which indicates that the electrode/electrolyte
interfaces are stable with cycling at 65 88C (Figure 4 d).
Metallic Li wets the polymer electrolyte surface in the
formation of the anode/electrolyte interface phase.

Figure 3. a) The impedance plots of Li2(OH)1¢xFxCl at 25 88C. Inset:
equivalent circuit. b) Temperature dependence of the Li-ion conductiv-
ity of Li2OHBr and Li2(OH)0.9F0.1Cl. c) The impedance plots of Li2-
(OH)1¢xFxCl at high temperature. d) The impedance plots of the cell
with and without polymer electrolyte.

Figure 4. A cyclic voltammogram of a) Li2(OH)0.9F0.1Cl and b) Li2OHBr
at a scanning rate of 0.5 mVs¢1. c) Charge and discharge voltage
profiles and d) cycling performance at 0.2 C of a Li/LiFePO4 all-solid-
state battery at 65 88C with Li2(OH)0.9F0.1Cl as the solid electrolyte.
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In summary, we have shown that the antiperovskite
Li2OHX, X = Cl or Br, phase can be doped by the substitution
of OH¢ by F¢ to provide an acceptable Li-ion electrolyte for
an all-solid-state high-voltage rechargeable battery. The
relatively simple preparation process and outstanding elec-
trochemical stability of Li2(OH)0.9F0.1Cl make it a promising
candidate electrolyte for all-solid-state batteries.
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