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Zr*'-doped spinel-type chloride Li, ,,Mn,; Zr.Cl, exhibits high ionic conductivity and promising cycling stability.

Public summary
m A series of deformable spinel-type chloride cathodes Li, , Mn,_Zr,Cl, were synthesized by mechanical ball milling.

m The Zr*-doped Li,.,,Mn, Zr,Cl, exhibits high ionic conductivity and low activation energy, which was confirmed by
electrochemical impedance spectroscopy.

m The optimal composition LiMn, sZr, sCl, was integrated as the cathode into all-solid-state cells, and a promising cycling
stability for 200 cycles was achieved.
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Abstract: All-solid-state Li batteries (ASSLBs) are now considered to be next-generation energy storage devices due to
their advantages in safety and energy density. With liquid electrolytes replaced by solid electrolytes, novel cathode active
materials (CAMs) with different characteristics are needed. The solid-solid contact in ASSLBs requires CAMs to have
good deformability. In addition, higher ionic conductivity is also essential to reduce the mass of the Li-ion conductive
agent, thus accessing a higher overall capacity. Herein, we report a spinel-type chloride cathode Li, , Mn,_ Zr,Cl,, which
has good deformability and high ionic conductivity (up to 0.16 mS-cm™ at 25 °C). The ASSLB using the optimal composi-
tion of LiMn, 5Zr, sCl, as the cathode exhibits promising cycling stability for 200 cycles at room temperature.
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1 Introduction

Recently, all-solid-state Li batteries (ASSLBs) have attracted
great interest for their potential to offer higher energy density
and better safety!"”. However, the substitution of liquid-solid
contact with solid-solid contacts brings significant
challenges®™!. For example, the requirements for the cath-
odes in ASSLBs are no longer the same as those in commer-
cial Li-ion batteries using liquid electrolytes.

The difference is at least twofold. On the one hand, insuffi-
cient contact between brittle, nondeformable solid particles
would lead to high resistance for Li* transport. Therefore, to
maintain good interfacial contact, cathode particles should
preferably show good deformability™. On the other hand, to
improve ionic diffusion in cathodes, the addition of SSEs
(solid-state electrolytes) is usually needed in the composite
cathode, but these electrochemically inert materials inevit-
ably decrease the mass loading of active materials and thus
the energy densities”’. However, if the cathode itself is highly
Li-ion conductive, the composite cathode would no longer
need much solid electrolyte to make its ionic transport suffi-
ciently fast. According to Gao et al.’), the composite cathode
of ASSLBs should have a high ionic conductivity of more
than 10 S-cm™'. Therefore, to decrease or eliminate the need
for solid electrolytes in the composite cathode, the ionic con-
ductivity of the cathode active material itself should at least
reach this level. Unfortunately, realizing the two characterist-
ics mentioned above (especially the deformability) in the
present mainstream cathodes is rather difficult because they
are all brittle, poorly deformable oxides™ .

Chlorides have good deformability and high oxidation po-
tential; in addition, their open structures can support good
ionic conduction, giving them great potential as cathode ma-
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terials. Most chlorides are soluble in polar solvents, so there
is not much research on such electrode materials in the past!®.
The deformable spinel-type chloride Li,M"Cl, (M" = Mn, Mg,
Fe, Cd, V, Cr, etc.) may contain transition-metal cations and
thus could potentially serve as the cathode. Among Li,MCl,-
type chlorides, Li,MnCl, has the highest Li* conductivity
(4x10°¢ S-cm™, 25 °C)' and the nonstoichiometric
Li, , Mn,, Cl, can reach 1.5x10° S-cm™ ", but still does not
satisfy the requirements. To be a qualified cathode active ma-
terial (CAM), it needs to be sufficiently conductive.

In this work, the aliovalent substitution Li, Mn, ZrCl,
with high Li* conductivity (up to 1.60x10™ S-cm™) was syn-
thesized by mechanical ball milling, and the ionic conductiv-
ity and activation energy of the powder were investigated.
Moreover, the remarkable reversibility of the all-solid-state
Li-In/LigPS5Cl-Li;InCl¢/LiMn, sZr, sCl, cell over 200 cycles
was demonstrated.

2 Materials and methods

2.1 Preparation of materials

All preparations were conducted under an Ar atmosphere. For
the preparation of as-milled Li, ,,Mn,_,Zr,Cl,, stoichiometric
amounts of precursors LiCl (99.99%, Alfa Aesar), MnCl,
(99.9%, Aladdin), and ZrCl, (98%, Alfa Aesar) were hand-
mixed in the mortar by pestle for homogenization. Sub-
sequently, the as-mixed stoichiometric mixture was mechan-
ically milled at 500 r/min for 25 h in an 80 mL ZrO, vial with
710, balls (¢ = 5 mm) using a PULVERISETTE 7 premium
line (Fritsch GmbH), and the ball-to-powder weight ratio was
15 1.

To obtain annealed samples, as-milled powder samples
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were sealed in a quartz ampoule under vacuum and then heat-
treated at 350 °C for 5 h with a heating rate of 5 °C-min™' and
naturally cooled to room temperature. Li;InCl, (LIC) was pre-
pared by mechanical milling and subsequent heating treat-
ment. A stoichiometric amount of LiCl (99.99%, Alfa Aesar)
and InCl; (99.99%, Alfa Aesar) was milled under the same
conditions as for Li, ,,Mn,, Cl;, which was followed by an-
nealing at 350 °C for 5 h with Ar flow.

2.2 Material characterization

Powder X-ray diffraction (XRD) patterns were collected on a
Rigaku Ultima IV diffractometer with Cu Kal radiation (4 =
1.54178 A). Prior to the XRD measurements, the powder
samples were sealed in Kapton film in an Ar-filled glovebox
to avoid air exposure. The scanning speed was 10° per
minute, and the scanning range was from 20° to 80°.

2.3 Conductivity measurements

Li" conductivity was measured by electrochemical imped-
ance spectroscopy (EIS) on a BioLogic MTZ-35 impedance
analyzer. Prior to the AC impedance spectroscopy measure-
ments, the powders were cold pressed into pellets at 370
MPa, and then Au electrodes were sputtered on the pellet sur-
faces as blocking electrodes. The thickness of the pellet was
between 0.6-0.8 mm. The above procedures were performed
inside an Ar-filled glovebox to avoid air exposure. The fre-
quency range of the EIS measurement was from 1 Hz to 35
MHz with a 50 mV driving potential amplitude. The electron-
ic conductivity was determined by direct current (DC) polar-
ization measurements on a Chenhua CHI630e. The cold-
pressed pellets were measured at 25 °C with an applied voltage
of 1 V.

2.4 Electrochemical characterization

All ASSLB preparation processes were performed inside an
Ar-filled glove box. The cathode composite powder was pre-
pared by mixing as-milled LiMn, sZr,sCl, (LMZCS5) and an
electron-conductive additive carbon nanotube (CNT) using a
ball mill apparatus (Fritsch GmbH). The electrochemical sta-
bility window (ESW) was evaluated by linear sweep voltam-
metry (LSV) measurements on a Li/LigPS;CI-LMZCS5/
LMZC5+CNT (weight ratio: LMZC5/CNT = 70/30) semib-
locking cell™?. To assemble an all-solid-state battery, approx-
imately 40 mg LIC was added into a polyetheretherketone
(PEEK) die with a diameter of 10 mm and cold pressed at 1
ton as the SSE layer. To avoid reaction between LIC and the
Li-In anode, 50 mg LicPSsCl (Hefei Kejing, 99%) was fur-
ther added and pressed at 1.5 tons. Then, 10 mg of the cath-
ode composite powder was dispersed on the LIC side of the
double-layer solid electrolyte and pressed again at 2 tons. Fi-
nally, a piece of indium foil (0.1 mm thick, 10 mm diameter)
was placed at the surface of the LigPSsCl layer, and a piece of
lithium foil (0.03 mm thick, 10 mm diameter) was then
placed on the indium foil. The ASSLB was cycled under a
stack pressure of 2 tons at 25 °C using a LAND CT2001A
cycler within the potential window of 1.5-3.6 V (vs Li*/Liln).

3 Results and discussion
The X-ray diffraction (XRD) patterns of the as-milled

Li,, Mn, Zr,Cl, (x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, abbrevi-
ated as LMC, LMZC1, LMZC2, LMZC3, LMZC4, LMZC5
and LMZC6, respectively) powder samples are shown in Fig. 1.
In the range of 0 < x < 0.4, the XRD patterns match well with
Li,MnCl, (ICSD No. 97-000-1984)""*. The main characterist-
ic peaks of the two components LMZCS5 and LMZC6 are also
consistent with Li,MnCl,, while a weak characteristic peak
belonging to the Li,ZrCls impurity can be observed at approx-
imately 32° in LMZCS. Further substitution of x = 0.6 resul-
ted in more obvious peaks of Li,ZrCls. The results indicate
that the mutual solubility of Zr* in Li,MnCl, should be
between 0.4 and 0.5. In addition, it can be observed from
Fig. 1b that with increasing doping ratio, the characteristic
peak shifts to a high angle, which indicates that Zr** has been
successfully doped into the structure of Li,MnCl,. Due to the
smaller ionic radius of Zr* (compared to Mn*") and the gener-
ation of Li" vacancies, the lattice constant of the material de-
creases with increasing doping ratio.

The crystallinity of samples obtained by mechanical ball
milling is very low, while previous studies have shown that
for chloride solid electrolytes, the highly crystalline phases
generally tend to have higher ionic conductivity!* ", There-
fore, the as-milled samples were annealed at 350 °C for 5 h to
improve the crystallinity. The XRD patterns of the annealed
samples are shown in Fig. 2. The main characteristic peaks
are the same as before, while the intensities are much higher,
and peaks with lower intensity that cannot be observed in the
as-milled samples can also be clearly displayed, indicating
that the annealing process greatly improved the crystallinity.
In addition, no impurity peak was found in the annealed
samples for all different doping ratios, which means that the
annealed samples are all single-phase materials with Li,MnCl,
structures. As mentioned above, weak characteristic peaks of
0-Li,ZrCls can be observed in the as-milled samples for
LMZCS5 and LMZC6, but peaks of the corresponding high-
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Fig. 1. (a) XRD patterns of as-milled Li, , Mn,_Zr,Cl,. (b) Partial en-
larged image of (a).
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Fig. 2. XRD patterns of the 350 °C-annealed Li, , Mn,_,Zr,Cl, powder
samples.
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70 80

temperature phase (B-Li,ZrCly)"'? were not found in the an-
nealed samples. This phenomenon may be explained by the
fact that the as-milled samples are in a metastable state, and
after annealing, the structure is more stable; thus, the solid
solubility of Zr** is improved.

Fig. 3a, b displays the typical Nyquist plots of the as-milled
and annealed samples, respectively. The impedance spectra
were fitted with the equivalent circuit consisting of one paral-
lel constant phase element (CPE)/resistor (R) in series with
another CPE. The low electronic conductivities of the as-
milled and annealed samples were measured, as shown in

(@)
6.0x10° 4As-milled LMZC5
—~ o
g
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g -]
= 0990, g
N 2.0x10°4 @ 4
1 ] Oa
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o
Ry 8.0x10*H 49 OV
0.0 f T T T T T
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Fig. 3¢, d. The Li* conductivities and electronic conductivit-
ies of all samples are listed in Table 1, 2. With the aliovalent
substitution of Zr*, the Li* conductivities of the as-milled
samples can reach ~10™ S-cm™. However, the Li* conductiv-
ity decreased by two orders of magnitude after annealing at
350 °C for 5 h. Since the Li* conductivities of the annealed
samples are all on the order of 10 S-cm™, which cannot satis-
fy the requirements of assembling all-solid-state batteries,
they will not be discussed in the following.

The Arrhenius plots derived from the Nyquist plots at dif-
ferent temperatures (Fig. 4a) showed good linearity. The ion-
ic conductivities at 25 °C and activation energies (E,) determ-
ined according to the Arrhenius equation of Li, , Mn,_Zr,Cl,
are shown in Fig. 4b. The ionic conductivities of the samples
increase gradually with increasing Zr*" substitution, while the
E, values gradually decrease with increasing Zr** content. The
highest ionic conductivity (1.6x10* S-em™ at 25 °C) is
achieved for x = 0.5, which also exhibits the lowest activa-
tion energy (0.381 eV). However, further substitution of x =
0.6 resulted in a decrease in the ionic conductivity. Accord-
ing to the previous XRD patterns, weak peaks of Li,ZrCl, can
be observed in LMZC5 and LMZC6. While the reported ion-
ic conductivity of Li,ZrCly is higher (~4x10* S-cm™)!'), it
seems that the presence of Li,ZrCls in LMZC6 does not fur-
ther improve its ionic conductivity. It could be reasonably in-
ferred that the ionic conductivity of the sample is still mainly
affected by the structural change of Li,MnCl,, and the con-
tent of Li,ZrCl, is too low to have a significant impact on its
ionic conductivity. Last but not least, it should be noted that
all the conductivity measurements above were conducted dir-
ectly on cold-pressed powders without any heat treatment.
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Fig. 3. Conductivity of LMZCS under different processing conditions. (a, b) Nyquist plots of the as-milled (a) and 350 °C-annealed (b) LMZCS at 25 °C.
(c, d) Chronoamperometry results for the as-milled (c) and 350 °C-annealed (d) LMZCS at 25 °C with a voltage step of 1 V.
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Table 1. Conductivities of the as-milled Li, ,Mn,_ Zr,Cl, at room tem-

perature.
X 1n Ionic conductivity Electronic conductivity
Lip,,Mn,_ZrCly (Srem'!) (Srem )
0 1.463x10°° 4.191x10°
0.1 1.384x10°° 4.949x10”
0.2 2.148x10°° 7.097x10°°
0.3 6.491x10°° 6.534x10°
0.4 9.761x10°* 5.476x10°
0.5 1.595%10°* 2.552x10
0.6 6.771x10°° 1.197x10°

Table 2. Conductivities of the annealed Li, ,,Mn,_Zr,Cl, at room tem-

perature.
X 1n Ionic conductivity Electronic conductivity
Li, ,,Mn,_Zr,Cl, (S-em™) (S-em™)
0 2.614x10°¢ 1.299x107°
0.1 1.196x10°¢ 7.093x10°°
0.2 1.517x10™° 7.131x10”°
0.3 2.167x10°¢ 1.932x10”
0.4 2.852x10°¢ 9.270x107"
0.5 3.535x10°¢ 8.454x107"
0.6 3.222x10°¢ 7.501x107"

Regardless, a rather high ionic conductivity above 10™ S-cm™
can still be achieved for as-milled LMZCS, so this material
should be highly deformable!*.

The electrochemical stability window (ESW) of LMZC5
was calculated by using the established scheme'’™'" based on
the Materials Project™ database. The equilibrium voltage pro-
file and corresponding phase equilibria as a function of ap-

plied potential referenced to Li/Li* are shown in Fig. 5. The
electrochemical reduction originates from Mn*" becoming Mn
metal, while the oxidation process originates from the ClI” an-
ion chemistry with the product of Cl,. It shows a wide electro-
chemical window with an oxidation potential of 4.25 V (vs
Li/Li") and a reduction potential of 2.03 V (vs Li/Li").

The ESW predicted above is verified by linear sweep
voltammetry (LSV) measurements of all-solid-state
Li/LigPSsCI/LMZCS5/LMZC5+C/SS semiblocking cells. The
LMZCS5+C composite is a mixture of 70 wt% as-milled
LMZCS5 and 30 wt% carbon. The composite layer is used to
improve the electron conduction, thereby making the redox
peaks more easily detectable. The LSV results (Fig. 6) reveal
multiple reduction peaks below 2 V (vs Li/Li%), along with
one oxidation peak above 4 V (vs Li/Li%), which are consist-
ent with the calculated values. The high Li* conductivity,
good deformability and high oxidation potential above 4 V
make LMZCS5 very suitable as a cathode material for
ASSLBs.

Finally, the as-milled LMZC5 was integrated as the CAM
into an all-solid-state cell. Benefiting from its high ionic con-
ductivity, no solid electrolyte is necessary for the cathode,
and electronic conduction in the cathode is fulfilled by elec-
tronic conductive agents (CNTs, 30 wt%). The all-solid-state
battery uses LIC obtained by 350 °C annealing as the electro-
lyte. Since its reduction potential is higher than that of the Li-
In alloy (0.62 V vs Li/Li"), a layer of LisPSsCl is used to sep-
arate the negative electrode side to avoid the reaction. The
cell was cycled at 0.1 C between 1.5 V and 3.6 V at 25 °C.
Mn has various valence states, such as Mn*", Mn** and Mn*".
Among LiMn, 5sZr, sCl,, if Mn* rises to Mn®*" during charging
(LiMny 5Zr sCl, <> 0.5Li + Lig sMng sZr, sCl,), the theoretical
capacity should be 60 mA-h-g"'. Meanwhile, referring to the
calculated results (Fig. 5), the electrochemical mechanism
may also be a conversion reaction (LiMngsZr,sCl, + Li <
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Fig. 4. Conductivity and activation energy evolution upon Zr* substitution. (a) Arrhenius plots of Li* conductivity for as-milled Li, ,,Mn,_,Zr,Cl,.
(b) Ionic conductivities at 25 °C and activation energies of as-milled Li, , Mn,_ Zr,Cl,.
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Fig. 6. LSV curves of the Li/LisPS;CI-LMZCS/LMZC5+C cell at 0.1 mV-s™'.

(b)3-5 V.

2LiCl + 0.5ZrCl, + 0.5Mn), in which case the theoretical ca-
pacity should be approximately 121 mA-h-g™'.

The charge-discharge voltage profiles at the 1st, 2nd,
100th, and 200th cycles of the battery are shown in Fig. 7a.
The initial charge capacity is extremely low, only 1.6
mA-h-g™', while the discharge capacity is 52.4 mA-h-g™". The
electrochemical reaction occurred during the discharge pro-
cess, so it is possible that the cycling takes place through the
conversion reaction mentioned above: LiMn, sZr, sCl, + Li <>
2LiCl + 0.5ZrCl, + 0.5Mn. A voltage plateau appeared at ap-
proximately 2.5 V (vs Li/Li*) with some fluctuations, which
may be caused by the decrease in the ionic conductivity af-
fected by the conversion reaction during the discharge pro-
cess. Given that the discharge capacity reaches only approx-
imately half of the theoretical capacity, there is still an
amount of LMZCS5 that does not participate in the conversion
reaction, which is helpful for ion diffusion in the cathode. The
rate capability of the cell is shown in Fig. 7b. Due to the poor

(b)
60 Li/LMZCS5/LMZCS5-C/SS
404
<
2
2 201
o
=
=
O
0 -
220 4
I I I I I
30 35 40 45 50
Voltage (V vs Li/Li")

The measurements were conducted at room temperature. (a) 0-3.1 V.

cycling stability associated with the conversion reaction, the
capacity gradually decreases, especially in the first few
cycles. However, upon each increase in the cycling rate, the
capacity only dropped slightly; the average capacities at
0.33 C,0.5Cand 1 C are 22.1 mA-h-g”', 18.6 mA-h-g™', and
14.4 mA-h-g™', respectively. Fig. 7c displays the cycling per-
formance of the cell at a rate of 0.1 C. The cell showed a
quick capacity decay during the first few cycles and exhib-
ited considerable cyclability with a reversible discharge capa-
city of 18 mA-h-g" after 15 cycles. It maintained a 99.1%
Coulombic efficiency and a 14.3 mA-h-g™' discharge capacity
after 200 cycles, corresponding to a 79% capacity retention
with respect to the fifth cycle. This is the first time that the
chloride cathode material has achieved stable and long cycles
in an all-solid-state lithium battery, indicating that the devel-
opment of chloride cathode materials suitable for all-solid-
state lithium batteries is a very worthwhile direction to ex-
plore.
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Fig. 7. Electrochemical performance of the Li-In/LigPS;CI-LIC/LMZCS5 cell at 25 °C. (a) Charge and discharge profiles at 0.1 C. (b) Rate performance.

(c) Long-term cycling performance at 0.1 C.

To probe the reaction mechanism during cycling, ex situ
XRD was conducted on LMZCS5 at different depths of dis-
charge, and the results are displayed in Fig. 8. As discharge
proceeds, a diffraction peak that does not belong to LMZC5
emerges at approximately 25°, and its intensity keeps increas-
ing with respect to that of LMZCS; at the end of discharge, a
significant amount of LMZC5 was still observed, consistent
with the low capacities observed in Fig. 7. The additional
peak at approximately 25° cannot be indexed to any of the
known compounds (including the products speculated by the
calculation in Fig. 5), so the specific reaction mechanism can-
not be determined. However, the fact that this peak cannot
possibly arise from LMZCS5 (Fig. 8a) indicates the emer-
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Intensity (a. u.)

ICSD No. 97-000-1984 Li,MnCl,
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26 (%)

80

Capacity (mA-h-g™)

gence of new compounds during lithiation. That is, the reac-
tion should follow a conversion mechanism instead of inter-
calation. It is known that the conversion-type cathode usually
has difficulty achieving excellent cycling stability or capacit-
ies that are close to the theoretical value, no matter whether
the cathode is deformable or not; a typical example is the S
cathode in Li-S batteries. This seems to explain why LMZC5
is deformable but still shows poor cycling stability and low
capacities.

4 Conclusions

summary, a series of spinel structure chlorides
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Fig. 8. (a) Ex situ XRD patterns of LMZCS at different depths of discharge (DoDs). The DoD of each XRD pattern is indicated in (b). (b) The initial dis-

charge profile at 0.1 C, with the DoD for each XRD pattern in (a) indicated.
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Li, ,,Mn,_Zr,Cl, (0 < x < 0.6) were synthesized successfully
by mechanical ball milling and 350 °C annealing. The Li"
conductivities  and  electrochemical  stabilities  of
Li, »Mn,_Zr,Cl, were also investigated. After aliovalent
substitution with Zr*, the Li* conductivities of the as-milled
samples can be improved to the highest of 0.16 mS-cm™ with
the lowest activation energy of 0.381 eV. The ASSLB with
LMZCS cathode active material exhibited excellent cycling
stability for 200 cycles at room temperature. Through our
study, we have demonstrated the potential possibility of us-
ing chlorides with good deformability and high oxidation po-
tential as cathode materials for all-solid-state batteries, which
is important to the development of all-solid-state batteries.
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