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Li2.9Fe0.9Zr0.1Cl6 composite cathode demonstrates a specific
capacity of 152.8 mAh·g−1 at 0.1 C and shows excellent rate
and cycling performance. These findings offer new oppor-
tunities to develop new catholytes and a new approach to
promote the energy density of ASSBs.

2. RESULTS AND DISCUSSION
Previously, LiFeCl4 in �2 1/� structure was investigated as an
ionic conductor but showed a low ionic conductivity below
10−6 S·cm−1 at 25 °C.26 More recently, reports show that
Li3�� 6 (� = metal, � = halogens) group halide electrolytes
with �2/� structures have a three-dimensional Li+ diffusion
network, where Li+ diffusion within ab-planes is preferable with
a lower diffusion barrier than that along the �-axis.27−29 The
bond valence site energy (BVSE) calculation30,31 also shows
that �2/� Li3FeCl6 exhibits a lower Li-ion migration barrier
compared to that of LiFeCl4 in �2 1/� structure (Figure S1). It
appears to be an attractive and reasonable design strategy to
synthesize Fe-based halide compounds in �2/� structures in
order to simultaneously achieve a high ionic conductivity and
high capacity.

A series of Fe-based halide compounds LiFeCl4, Li3FeCl6,
and Li2.9Fe0.9Zr0.1Cl6 were synthesized by mechanochemical
method (see Section 4 for details) and their X-ray diffraction
(XRD) patterns are shown in Figure 1a. The XRD pattern of
as-milled LiFeCl4 can be well indexed to a monoclinic �2 1/�
space group, isostructural to LiAlCl4.

33 The Fe atoms occupy
the tetrahedral sites, and Li atoms reside at the octahedral sites,

as shown in Figure 1c. Li3FeCl6 is predominantly crystallized in
a �2/� phase with a small amount of impurity in a �2 1/�
phase. Based on the Rietveld refinement results in Figure S2,
the proportion of �2 1/� phase in the Li3FeCl6 sample is 13.7 wt
%. Further increasing the ratio of LiCl to FeCl3 in the starting
materials does not yield a pure �2/� structure. For example,
starting materials with a nominal composition of Li4FeCl7 also
yield a mixture of �2 1/� and �2/� phases (Figure S3). Based
on the hypothesis that using a cation with a bigger ionic radius
to replace Fe3+ may drive the transition metal cations toward
the dominance of octahedral sites and the observation that
Zr4+ prefers to occupy octahedral sites in Zr-based halide
electrolyte,7,34 we chose to dope 10% Zr4+ into the LiCl-FeCl3
starting materials, which successfully yielded a Li2.9Fe0.9Zr0.1Cl6
sample with predominant �2/� phase and a much-reduced
�2 1/� phased impurity fraction of 2.4 wt %. The schematic
structure of Li2.9Fe0.9Zr0.1Cl6 with an ��� anion sublattice is
illustrated in Figure 1d, drawn based on the Rietveld
refinement results. After substituting Fe3+ with Zr4+, a slight
increase of refined lattice parameters � and 	 for the �2/�
phase can be observed in Tables S1 and S2, which can be
attributed to the larger ion size of Zr4+ (72 pm) compared to
that of Fe3+ (64.5 pm). The lattice expansion indicates the
formation of the solid-solution phase, in which Zr4+ takes the
Fe3+ sites. Further increasing the doping level of Zr, for
example, to 30%, yields a pure �2/� phase as shown in Figure
S4a. The corresponding Rietveld refinement result of
Li2.7Fe0.7Zr0.3Cl6 is demonstrated in Figure S6. As the Zr

Figure 1. (a) XRD patterns of mechanochemically synthesized LiFeCl4, Li3FeCl6, and Li2.9Fe0.9Zr0.1Cl6. (b) Synchrotron X-ray diffraction pattern
of Li2.9Fe0.9Zr0.1Cl6 and the corresponding Rietveld refinement. (c, d) Crystal structures of LiFeCl4 (�2 1/�) and Li2.9Fe0.9Zr0.1Cl6 (�2/�) projected
along the �-axis, respectively. Fe, Zr, Li, and Cl are represented by brown, blue, pink, and green spheres, respectively. The illustrative structures are
visualized using VESTA.32
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content increases from 0.1 to 0.3 per formula unit, Bragg peaks
gradually shift toward lower angles, indicating the expanded
unit cell and further demonstrating the formation of the solid-
solution phases (Figure S4b).

Li3FeCl6, with a main phase of �2/�, demonstrates a good
ionic conductivity of 0.13 mS·cm−1, which is attributed to the
existence of 3D Li+ diffusion pathways. As a comparison,
LiFeCl4 in the �2 1/� structure shows an ionic conductivity of
0.014 mS·cm−1 at 25 °C, which is one order magnitude lower
than that of Li3FeCl6. The ionic conductivities of
Li3‑
 Fe1−
 Zr
 Cl6 (
 = 0.1, 0.2, and 0.3) samples were measured

via electrochemical impedance spectroscopy (EIS) as well. The
introduction of Zr4+ at Fe3+ sites creates Li vacancies at the Li
sites, which promotes the conductivity of Li+, similar to what
was observed in aliovalent-doped SEs.35−39 Li2.9Fe0.9Zr0.1Cl6
exhibits an improved ionic conductivity of 0.25 mS·cm−1. With
increased Zr doping levels, the ionic conductivity is further
improved. Li2.7Fe0.7Zr0.3Cl6 shows an ionic conductivity of 0.37
mS·cm−1 (Figure S7b). Arrhenius plots of the conductivities of
these samples are presented in Figure 2b. The activation
energy of Li2.9Fe0.9Zr0.1Cl6 (0.44 eV) is found to be lower than
those of LiFeCl4 (0.74 eV) and Li3FeCl6 (0.63 eV). The

Figure 2. (a) Nyquist plots of the as-milled LiFeCl4, Li3FeCl6, and Li2.9Fe0.9Zr0.1Cl6 at 25 °C. (b) Arrhenius plots of all of the as-milled samples. (c)
The transient current behavior under an applied 0.1 V DC bias on all of the samples.

Figure 3. Electrochemical performance of the Li−In | Li3YCl6 | Li3FeCl6 cell at 25 °C. (a) The discharge−charge curves under 0.1 C (the
theoretical capacity is 93 mAh·g−1). (b, c) Initial discharge curves at various rates and corresponding rate performances at 0.1, 0.2, 0.5, 1, 2, and 3
C. (d) Cycling performance and Coulombic efficiency under 0.5 C. All the cells were tested at 2.0−3.4 V vs Li−In/Li+.
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electronic conductivities of LiFeCl4, Li3FeCl6, and
Li2.9Fe0.9Zr0.1Cl6 measured using a direct current (DC)
polarization method are 2.80 × 10−7 S·cm−1, 5.06 × 10−7 S·
cm−1 and 2.16 × 10−7 S·cm−1, respectively (Figure 2c). The
electronic conductivities of Li3‑
 Fe1−
 Zr
 Cl6 compounds were
also measured and shown in Figure S7d. With an increase in
the Zr doping level, the electronic conductivity decreases.
However, the increased doping level of electrochemical
inactive Zr4+ lowers the specific capacity, which is not
favorable for a catholyte. As the ionic conductivity of
Li2.9Fe0.9Zr0.1Cl6 is sufficiently high, comparable to that of
ball-milled Li3YCl6,

6,21 a popularly used SE,40,41 and its specific
capacity is sufficiently good, we chose to test the properties of
Li2.9Fe0.9Zr0.1Cl6 as a catholyte. As a comparison, the
performance of undoped Li3FeCl6 was measured to investigate
the impact of Zr doping.

To verify the feasibility of using Li3FeCl6 and
Li2.9Fe0.9Zr0.1Cl6 as catholytes, we first investigated their
cycling performance as the sole cathode material. For Li3FeCl6
cell tests, Li3YCl6 was used as the separator and Li−In alloy
was used as the anode. The composite cathode contained 95
wt % of Li3FeCl6, 5 wt % of carbon nanofibers, and no other
SEs. The voltage profiles of the Li−In | Li3YCl6 | Li3FeCl6 cell
cycled between 2.0 and 3.4 V (vs Li−In/Li+) under 0.1 C (1 C
= 93 mA·g−1) are shown in Figure 3a. The electrochemical
reaction of Li3FeCl6 upon cycling is as follows, where the redox
Fe3+/Fe2+ is utilized.

H IooooooooooeLi FeCl Li Li FeCl3 6
charging

discharging

4 6+ + +

The major voltage plateau is between 3.0 and 3.1 V (i.e.,
3.62−3.72 V vs Li+/Li). The cell shows an initial discharge
capacity of 85.2 mAh·g−1 (91.6% of the theoretical capacity)
and an excellent initial Coulombic efficiency of 99.5%. Even
without additional SEs in the cathode, the Li−In | Li3YCl6 |
Li3FeCl6 cells show a very good rate capability, as
demonstrated in Figure 3b and 3c. Discharge capacities of
81.5, 77.8, 69.6, 59.7, 42.5, and 20.5 mAh·g−1 are achieved at
room temperature under the rates of 0.1, 0.2, 0.5, 1, 2, and 3 C,
respectively, corresponding to 87.6%, 83.7%, 74.8%, 64.2%,
45.7%, and 22.0% of the theoretical capacity, respectively. The
cells also show excellent long-term cycling stability under 0.5 C
at 25 °C as shown in Figure 3d with a 70.9% capacity retention
after 2000 cycles and an average Coulombic efficiency of
99.98%.

Cyclic voltammetry (CV) tests were performed to
investigate the characteristics of the Fe2+/Fe3+ redox couple
and the electrochemical stability window using an all-solid-
state Li−In | Li3YCl6 | Li3FeCl6 cell. As illustrated in Figure
S8a, the oxidation of Fe2+ to Fe3+ emerges at ∼3.2 V vs. Li−In/
Li+. As the scan proceeds, oxidation of Cl begins at ∼3.67 V vs
Li−In/Li+. The peak corresponding to Cl oxidation diminishes
after the fifth cycle, implying the formation of a passivation
layer. When the cell was further cycled between 2.0 and 3.7 V
vs Li−In/Li+, the peak positions and intensities of Fe2+/Fe3+

redox at different cycles remained unchanged, indicating the
good reversibility and stability of the redox process (Figure
S8b). Based on the CV scans, Fe-based halides demonstrate a
reversible redox process and good stability when cycled
between 2.0 and 3.7 V vs Li−In/Li+.

Li2.9Fe0.9Zr0.1Cl6 was also tested with the same configuration
as that for Li3FeCl6. As shown in Figure 4a, the initial discharge

Figure 4. Electrochemical performance of the Li−In | Li3YCl6 | Li2.9Fe0.9Zr0.1Cl6 cell at 25 °C. (a) The discharge−charge curves under 0.1 C (the
theoretical capacity is 83 mAh·g−1). (b, c) Initial discharge curves at various rates and corresponding rate performances at 0.1, 0.2, 0.5, 1, 2, and 3
C. (d) Cycling performance and Coulombic efficiency under 0.5 C. All the cells were tested at 2.0−3.4 V vs Li−In/Li+.
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capacity is 71.4 mAh·g−1, which is 86% of the theoretical
capacity. The voltage plateau is the same as that of Li3FeCl6,
from 2.8 to 3.0 V. This lower capacity than that of Li3FeCl6 is
expected, resulting from the doping of the redox-nonactive
Zr4+ cation. Benefiting from the higher ionic conductivity of
Li2.9Fe0.9Zr0.1Cl6 than Li3FeCl6, the Li2.9Fe0.9Zr0.1Cl6 cell
demonstrated better rate performance (Figure 4b, c). The
discharge capacities are 70.4, 62.7, 59.5, 55.6, 46.7, and 36.1
mAh·g−1 at rates 0.1, 0.2, 0.5, 1, 2, and 3 C, respectively. The
Li2.9Fe0.9Zr0.1Cl6 cells also show better cycling stability than the
Li3FeCl6 cells as shown in the comparison of cycling
performance under 0.5 C at 25 °C in Figures 3d and 4d.
After 2000 cycles, the Li2.9Fe0.9Zr0.1Cl6 cell maintained a
capacity retention of 80.4%.

To further explore the evolution of ionic conductivity of
Li2.9Fe0.9Zr0.1Cl6 as the function of Li concentration, EIS
measurements were conducted using a Li−In | Li3YCl6 |
Li2.9Fe0.9Zr0.1Cl6 cell and the results are shown in Figure 5a−c.
The cell was discharged and then charged at a rate of 0.1 C
rate. At each desired state of charge/discharge (SOC/SOD),
EIS was collected after 5 min of rest. The spectra are fitted
with equivalent circuits of R(RQ)(RQ) (Figure S9), where the
resistance at 1 MHz is associated with the impedance of
Li3YCl6 solid electrolyte. The resistance of the first semicircle
in the spectra is attributed to interfacial resistance among
Li2.9Fe0.9Zr0.1Cl6 particles. The second semicircle corresponds
to charge transfer resistance. As the discharge process

proceeds, the interfacial resistance only slightly increases
from 13.8 to 25.5 Ω (Figure 5b), suggesting a stable interface
of Li2.9Fe0.9Zr0.1Cl6 during the discharge process. The charge
transfer resistance, however, increases significantly during the
discharge process and gradually decreases as the charging goes
on, indicating the reversibility of charge transfer resistance. EIS
plots of different SODs of the second discharge process exhibit
a similar trend to those of the first discharge process (Figure
S10), further demonstrating the excellent stability of interface
among Li2.9Fe0.9Zr0.1Cl6 particles.

Ex situ XRD patterns of Li2.9Fe0.9Zr0.1Cl6 at different SOCs
and SODs were measured as well (Figure 5d). The XRD
patterns of all ex situ Li2.9Fe0.9Zr0.1Cl6 samples can be indexed
with the �2/� structure and no new phase is seen (Figure
S11). While peak shifting toward lower 2-theta angles during
discharging and shifting toward higher 2-theta during charging
can be observed in Figure 5e, indicating a typical solid solution
type phase evolution with the unit cell expansion in discharging
and shrinkage in charging, corresponding to the Li insertion
into and extraction from the lattice, respectively. The refined
lattice parameters (� and �) and unit cell volume of
Li2.9Fe0.9Zr0.1Cl6 gradually increase and then decrease upon
Li+ insertion and extraction, as shown in Figure S12. The unit
cell volume change of Li2.9Fe0.9Zr0.1Cl6 before and after Li+
insertion is merely 0.8%, which benefits from the complete
solid-solution transition.

Figure 5. Impedance and XRD evolution of Li−In | Li3YCl6 | Li2.9Fe0.9Zr0.1Cl6 cells upon cycling. (a) First discharge and charge curves of Li−In |
Li3YCl6 | Li2.9Fe0.9Zr0.1Cl6 cell at 25 °C. The cell was discharged/charged to different states at 0.1 C rate and then rested for 5 min. D1−D7
correspond to different states of discharge. D2, D3, and D4 are correlated with 25%, 50%, and 75% states of discharge, respectively. C1−C5 are
corresponding to different states of charge. C2, C3, and C4 are correlated with 25%, 50%, and 75% states of charge, respectively. (b, c)
Corresponding impedance plots recorded after 5 min rest during the discharge and charge process, respectively. (d) Ex situ XRD patterns of the
Li2.9Fe0.9Zr0.1Cl6 positive electrode from the Li−In | Li3YCl6 | Li2.9Fe0.9Zr0.1Cl6 cell at different discharge/charge states. (e) Zoom-in on the XRD
patterns corresponding to (d) to investigate the peak shift.
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Li2.9Fe0.9Zr0.1Cl6 was then evaluated as a catholyte in the
composite cathodes of ASSBs. Figure 6a shows the initial
charge/discharge curves of the assembled ASSBs with a
composite cathode of LCO and Li2.9Fe0.9Zr0.1Cl6 in a weight
ratio of 70:30, a Li3YCl6 separator, and a Li−In anode cycled
between 2.6 and 3.56 V versus Li−In/Li+ at a 0.1 C rate (1 C =
140 mA·g−1). The capacity is calculated based on the LCO
loading amount in the cathode to facilitate the comparison
with related reports. As shown in Figure 6a, Li2.9Fe0.9Zr0.1Cl6
contributes 26.1 mAh·g−1 capacity during the first discharge,
and this portion of capacity remains stable during the following
cycles. The good stability is also confirmed by EIS results
(Figure S13). In the first charging curve, two voltage plateaus
are seen. The one at ∼3.1 V corresponds to the Fe2+/Fe3+

redox in Li2.9Fe0.9Zr0.1Cl6, while the other one at 3.3 V
corresponds to the Co3+/Co4+ redox in LCO. The total
apparent specific capacity, calculated based on the mass of
LCO, is 152.8 mAh·g−1 in the second discharge, much higher
than those reported in ASSBs with LCO cathodes8,16 (Table
S7), benefiting from the additional capacity contributed by the
catholyte. The corresponding energy density is 399.6 Wh·kg−1

(based on the total mass of the composite cathode). Also
benefiting from the good ionic conductivity and high weight
percentage of the catholyte, excellent rate capability of the cells
is achieved, as shown in Figure 6b and 6c. The discharge

capacities are 152.8, 141.9, 133.1, 131.4, 118.7, and 103.5
mAh·g−1 at rates of 0.1, 0.2, 0.35, 0.5, 0.75, and 1 C,
respectively. The outstanding cycling stability is shown in
Figure 6d, where 75.12% capacity retention is achieved after
550 cycles under 0.5 C and 25 °C, offering an average
Coulombic efficiency of 99.93%.

3. CONCLUSIONS
In summary, we report the use of Li2.9Fe0.9Zr0.1Cl6 as a
catholyte to offer a higher energy density for all-solid-state
batteries. Li2.9Fe0.9Zr0.1Cl6 with the �2/� space group exhibits
good ionic/electronic conductivities (� Li+: 0.25 mS·cm−1 and
� e: 2.16 × 10−7 S·cm−1 at 25 °C) and high specific capacity
(71.4 mAh·g−1). The Li−In | Li3YCl6 | Li2.9Fe0.9Zr0.1Cl6 cell
without additional SEs maintains a capacity retention of 80.4%
over 2000 cycles, demonstrating the outstanding stability of
Li2.9Fe0.9Zr0.1Cl6 upon cycling. ASSBs using the LCO cathode
and Li2.9Fe0.9Zr0.1Cl6 catholyte demonstrate remarkable dis-
charge capacity, as high as 152.8 mAh·g−1 at 0.1 C, excellent
rate capability, and cycling performance. These findings shed
light on a new strategy to increase energy density and reduce
the costs for all-solid-state batteries. In addition, this work
emphasizes the distinct requirements of SEs as catholytes and
broadens the chemical space of the solid-electrolyte design,

Figure 6. Electrochemical performance of Li−In | Li3YCl6 | LCO-Li2.9Fe0.9Zr0.1Cl6 (70:30) all-solid-state cells. All cells were tested within 2.6−3.56
V vs Li−In/Li+ at 25 °C. (a) Voltage profiles of the first discharge and following charge and discharge under 0.1 C (the specific capacity is
calculated based on the loading of LCO and the practical capacity of LCO is ∼140 mAh·g−1 in this voltage range). (b, c) Rate capability at 0.1, 0.2,
0.35, 0.5, 0.75, and 1 C. (d) Long-term cycling performance under 0.5 C and 25 °C.
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enabling the use of sustainable redox-active elements in
catholytes.

4. EXPERIMENTAL SECTION
Materials Synthesis. LiFeCl4, Li2FeCl5, Li3FeCl6, Li4FeCl7, and

Li3‑
 Fe1−
 Zr
 Cl6 (
 = 0.1, 0.2, and 0.3) were synthesized via solid-state
reaction. Stoichiometric mixtures of anhydrous LiCl (>99%, Sigma-
Aldrich), anhydrous FeCl3 (99.9%, Spectrum), and ZrCl4 (99%,
Sigma-Aldrich) were weighted in an Ar-filled glovebox and ball-milled
using zirconia jars (50 mL) in a planetary ball mill (PM 200, Retsch)
at 300 rpm for 5h.

Materials Characterization. X-ray diffraction patterns were
collected at beamline 28-ID-2 (� = 0.1821 Å) at the National
Synchrotron Light Source II (NSLS II) at Brookhaven National
Laboratory. The powders were sealed into a Kapton tube in an Ar-
filled glovebox to avoid air exposure. Rietveld refinements against the
XRD data were conducted using GSAS II.42 The Li−In | Li3YCl6 |
Li2.9Fe0.9Zr0.1Cl6 cells utilized for the ex situ XRD measurements were
assembled employing the same approach and parameters as those
used for electrochemical performance tests. After the state of
discharge/charge as shown in the manuscript was reached, the
Li2.9Fe0.9Zr0.1Cl6 powders were collected and sealed into Kapton tube
in an Ar-filled glovebox, and then the XRD measurement was
performed at the National Synchrotron Light Source II (NSLS II) at
Brookhaven National Laboratory.

Conductivity Measurements. The electrochemical impedance
spectroscopy (EIS) data were collected on Ti | SE | Ti symmetric cells
using an electrochemical impedance analyzer (VMP3, BioLogic). The
cold-pressed Li3FeCl6 or Li2.9Fe0.9Zr0.1Cl6 pellets were sandwiched by
two pieces of Ti foils serving as current collectors. The EIS data were
collected in the frequency range of 1 MHz to 0.1 Hz with an AC
amplitude of 50 mV under an external pressure of 46.5 MPa. The
electronic conductivities were measured through a direct current
(DC) polarization measurement using an electrochemical workstation
(VMP3, BioLogic) with an applied voltage of 0.1 V.

Electrochemical Characterizations. The Li−In | Li3YCl6 |
Li3FeCl6 and Li−In | Li3YCl6 | Li2.9Fe0.9Zr0.1Cl6 cells were assembled
as following protocols. The cathode composite was made by mixing
Li3FeCl6 or Li2.9Fe0.9Zr0.1Cl6 and carbon nanofiber in a mortar with a
weight ratio of 95:5. Then the cathode composite was mixed using a
vortex mixer (VM-3000, VWR) for 10 min.

In the assembly process, 130 mg of Li3YCl6 powder was pressed in
a PTFE sleeve with 0.5 in. inner diameter under 243.0 MPa.
Subsequently, 10 mg of cathode composite powder was homoge-
neously spread and pressed on the SE pellet using a pressure of 243.0
MPa. An In−Li alloy was affixed to the other side of the SE pellet as
anode. Electrochemical performances were carried out in galvano-
static mode within 2.0−3.4 V vs Li−In/Li+ at 25 °C. Additionally,
cyclic voltammetry (CV) measurement was conducted on the Li−In |
Li3YCl6 | Li3FeCl6 cell. The data were obtained using an electro-
chemical impedance analyzer (VMP3, BioLogic) at a scan rate of 0.1
mV/s, ranging from 2.0 to 3.9 V vs Li−In/Li+.

For the assembly of Li−In | Li3YCl6 | LCO-Li2.9Fe0.9Zr0.1Cl6 cell,
the protocol remains the same except for the composition of cathode
composite and voltage window. The cathode composite comprised
LCO, Li2.9Fe0.9Zr0.1Cl6, and carbon nanofiber in a weight ratio of
70:30:3. The cell was discharged/charged between 2.6 and 3.56 V vs
Li−In/Li+.
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