Published on 05 December 2024. Downloaded on 3/15/2026 11:08:39 AM.

ChemComm

COMMUNICATION

’ '.) Check for updates

Cite this: Chem. Commun., 2025,
61, 1144

Received 14th October 2024,
Accepted 5th December 2024

DOI: 10.1039/d4cc05452k

rsc.li/chemcomm

A cost-effective Ca®*-substituted Li,ZrClg solid electrolyte (SE) was
fabricated by the mechanochemical method, exhibiting high Li*
conductivity, a wide electrochemical window and excellent com-
patibility with 4 V-class cathodes. The assembled all-solid-state
battery with LiCoO, achieves a high cycling performance for 150
cycles at 1C with a high-capacity retention of 83.1%.

All-solid-state lithium batteries (ASSLBs) have been widely
recognized as a promising candidate for the next-generation
battery technology, delivering excellent safety, simpler packa-
ging requirements, longer cycling lifetime and higher energy
density by employing lithium metal anodes."” Solid electrolytes
(SEs) play an important role as the critical and indispensable
component for ASSLBs.> Thus, various types of inorganic
SEs including oxides (e.g., Lij3Aly3Ti;;P3015, Li;LazZr,Oq,
and Li, 5Aly 5Geq 5(PO,)3), sulfides (e.g., Li;P3Sq4, LigPSsCl and
Li;oGeP,S;,) and emerging halides (e.g., LizYClg, LizInClg and
Lig.3g8Ta0.235L80.475Cl3) have been synthesized and explored
rapidly.>™" Compared to oxide and sulfide SEs, the halide SEs
combine both a high redox potential like oxides and excellent
mechanical formability similar to sulfides, which makes halide
SEs more attractive and promising for application in ASSLBs."?
Furthermore, a cost-effective Li,ZrCls (LZC), reported by Ma
et al., was successfully synthesized using LiCl and ZrCl,, showing
greater potential commercial applications."® However, pure LZC
possesses a low ionic conductivity of 0.3-0.4 mS cm ™", which
needs to be enhanced urgently.'>'*

Generally, the method of aliovalent substitution of the
central metal with different ionic radius cations is recognized
as a feasible method to improve Li* conductivity via changing
the Li‘-carrier content and local structural environment.'®
Some studies have shown that the Li" conductivity of Li-M-
Zr-Cl (M = Sc, Y, Yb, Er, Lu) and Li-M-Hf-Cl (M = In, Y) can be
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remarkably improved by replacing M** with tetravalent Zr** and
Hf*".'*2! Similarly, Zr-based halide electrolytes were to some
extent explored by introducing cations with different valence
and ionic radius into LZC, achieving higher Li" conductivity
and lower active energy.*? The Li-Zr-M-Cl SEs with pentavalent
cations (M = Ta and Nb) were successfully synthesized with
excellent ionic conductivity of 1.42 mS cm ' at 25 °C.>* The
M**-substituted LZC (M = In**, S¢**, Fe**, V**, Cr**) were also
obtained with higher ionic conductivity.">'*** Thus, divalent-
doped LZC SEs with low-cost and high abundance metal ele-
ments are worthy of being attempted. The LZC was only
explored with Mg”>* and Zn*" substitutions until now. Never-
theless, the Li, 1Zry 95Mgo.05Cls possesses a relatively high acti-
vation energy of 0.40 eV, which is unamiable under a wide
range of temperatures.

Herein, a cost-effective LZC with cheap and high abundance
of Ca*" is successfully synthesized via the mechanochemical
method with an ionic conductivity of 0.58 mS cm™* at room
temperature (RT) and the activation energy of 0.33 eV. XRD and
bond valence site energy (BVSE) were employed to explore the
crystal structure and Li" migration pathways. Finally, the solid-
state lithium cells with Ca**-substituted Li,ZrCls and LCO or
scNCM811 cathodes exhibit excellent rate capability and long-
term cycling performance.

A series of Liyi,,Zr; ,CaClg (0.0 < x < 0.2) SEs were
fabricated with different stoichiometric ratios of LiCl, ZrCl,
and CacCl, through the mechanochemical method at RT. XRD
patterns of Lisiy,Zr; ,Ca,Clg powders over the range of 0-
0.2 are shown in Fig. 1a. Apparently, the XRD pattern of LZC
is properly indexed to Li;YCl, (space group = P3m1, PDF No. 44-
0286), which is a trigonal structure with the hexagonal close
packing (hcp) arrangement.'? According to the XRD patterns,
there is no CaCl, impurity observed in the Li,,,,Zr;_,Ca,Clg
(0.0 < x < 0.2) samples, implying that Ca was successfully
introduced into the LZC crystal lattice. Noteworthily, as the
amount of Ca increased from 0 to 0.2, a slightly negative shift
was observed for the peaks at approximately 16°, 32°, 41° and
50°, which is attributed to the larger ionic radius Ca®>" (100 pm)

This journal is © The Royal Society of Chemistry 2025
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(@) XRD patterns and (b) ionic conductivity of LisyoxZr1 xCaxCle

(0.0 < x < 0.2) SEs. (c) Activation energy (E,) and ionic conductivity versus
different Ca contents. (d) Arrhenius plot of Ca*-substituted LZC SEs at
different temperatures from 30 °C to 70 °C.

than that of Zr** (72 pm).>® However, the composition at x >
0.1 gradually emerges strong peaks of LiCl at about 30 °C and
34 °C, displaying that the doping content of Ca in LZC is
limited, which further explains the sharp decline in Li" con-
ductivity at x > 0.1 in Fig. 1b. The Li' conductivity for
LizipyZr;_4Ca,Clg (0.0 < x < 0.2) shows a basin-shape curve,
which is opposite to the shape of the corresponding activation
energy curve (Fig. 1c). Thus, the maximum ionic conductivity of
0.58 mS cm™ ' is obtained at x = 0.05 (LZCa, o5Cl), while the
lowest E, of 0.33 eV is obtained for x = 0.1 (LZCa,,Cl). In
addition, the reproducibility of the synthesis method is further
confirmed in Fig. S1 (ESIt). Fig. 1d presents the Arrhenius plots
of Lij.p,Zr; _,Ca,Cls (0.0 < x < 0.2), which are calculated from
the EIS at different temperatures from 30 °C to 70 °C (Fig. S2,
ESIT). In addition, the electronic conductivities of Liy.p,Zr; -
Ca,Clg (0.0 < x < 0.2) are as lowas 10~° S cm ™', which satisfies
the electron insulation property, as shown in Fig. S3 (ESI}).
Besides, the cost of SEs is further discussed in Table S1 (ESIY).

In order to explore the effect of Ca®* substitution on the
ionic transport properties in LZC, the bond valence site energy
(BVSE) was employed to calculate the Li" migration pathway
with energy barriers on the basis of Rietveld refinement
models.>®*” According to the above results of XRD and Li*
conductivity, LZCa, o5Cl was selected for the Rietveld analysis
shown in Fig. 2a-c. At the same time, the refined profiles and
crystal structure of LZC are shown in Fig. S4a-c (ESIf). In
addition, the lattice parameters and atomic coordinates of
LZC and LZCa, 5Cl are depicted in Tables S2 and S3 (ESIf).
Both phases in the trigonal structure (space group P3m1)
include the arrangement of lithium and zirconium octahedra,
in which the LiClg octahedra are connected via sharing edges or
faces with 6h and 6g Wyckoff sites in the crystal structure
(Fig. 2c and Fig. S4c, ESIt). The ZrCls possesses two types of
isolated and sharing-face octahedra. Similarly, calcium octahe-
dra (CaClg) in LZCag¢sCl were confirmed by the Rietveld
refinement results. There are three different Wyckoff sites (1a,
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Fig. 2 (a) The Rietveld refinement of the XRD pattern for LZCag o5Cl at RT.
(b) and (c) The crystal structure of LZCagosCl based on the Rietveld
refinement result. (d) Energy plots in LZCag o5Cl for Li* migration pathways.
(e) The crystal structure of LZCagosCl with Li* potential map. (f) Li*
migration pathway of LZCag o5Cl.

2d and 1b) for Zr and Ca atoms. However, Ca-substitution
significantly adjusts the metal cation occupancy site. In particular,
the redistribution of Li-ions was obtained with the increased
occupancy of the 6h Wyckoff site, which is beneficial for Li"
transport.'> Moreover, compared to the undoped phase, Zr**/Ca>*
centered octahedra expand to larger lattice size in the Ca®*-
substituted phase, which is attributed to the larger ionic radius
of Ca®" (100 pm). Based on the BVSE analysis, three-dimensional
(3D) Li" migration pathways are observed for LZC and LZCag sCl
and the optimal 1D-Li" migration pathway for both is identically
the [Li1-Li2] along the ¢ direction with the migration barrier of
0.634 eV and 0.648 eV, respectively (Fig. 2d—f and Fig. S4d—f, ESIT).
Meanwhile, the migration barrier of the [Li2-i3-Li2] chain
between two neighboring a-b planes obviously decreases from
0.936 €V to 0.649 eV with the Ca**-substitution LZC, indicating
that the [Li2-i3-Li2] chain also becomes relatively favorable for Li"
transport. However, the migration barrier of the [Li1-i1-Li1] chain
within the a-b plane for LZCa,sCl is a little higher (0.746 eV)
than that of LZC (0.660 eV). On the whole, the migration barrier
for LZCag0sCl with 3D Li' transport pathways is only 0.746 €V,
while the higher migration barrier of 0.936 eV for LZC is required,
implying that Ca®* substitution in LZC could effectively reduce
the 3D Li" migration barrier and improve ionic conductivity. In
addition, the content of Li" carriers in LZC inevitably increases
owing to divalent Ca substitution instead of tetravalent Zr, which
is also a vital factor to boost Li* conductivity, as reported.”® To
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study this effect, the ionic conductivity of Li,ZrsoCao1Clsgsx
(1.7 < x < 2.2) is systemically explored in Fig. S5 (ESIf). It is
found that Li" conductivity is positively correlated with the con-
tent of Li" carriers, indicating that the increase of Li carriers is
beneficial for enhancing ionic conductivity (additional detailed
information can be obtained in Fig. S5, ESIY).

The electrochemical performance of Ca*'-substituted LZC
was further evaluated. It should be noted that the electronega-
tivity of Ca (1.0) is much lower than that of Zr (1.33), in addition
to being one of the most abundant metal elements in the
earth’s crust (41500 ppm).° Thus, LiZCay,Cl with high Ca
doping was selected for subsequent electrochemical measure-
ments, taking into account the overall properties including cost,
electronegativity, Li" conductivity and activation energy. Firstly,
the symmetric Li|LZCa, ;Cl|Li cell was assembled to evaluate the
compatibility with Li metal. The resistances of the Li|LZCa,;Cl|Li
cell gradually increase as the standing time increases from 0 to
12 h (Fig. S6a, ESIT), which is consistent with the overpotential
measurement of the Li symmetric cell (Fig. S6b, ESIT). In contrast,
the Li symmetric cell using LPSCI as the interlayer between Li
metal and halide electrolyte exhibits stable cycling for 250 h at
different current densities from 0.05 mA cm > to 0.3 mA cm 2,
indicating that LZCa, ;Cl could maintain good compatibility with
LPSCI (Fig. S6c, ESIT). The electrochemical stability window (ESW)
of LZC with Ca**-substitution was also confirmed through linear
sweep voltammetry (LSV). Fig. S7 (ESIt) shows that LZCa,,Cl
possesses lower reduction onset potential and higher oxidation
onset potential compared to those of LZC, indicating that Ca>*
substitution could effectively enlarge ESW to accommodate a
wider range of working voltages.

Based on the ESW determined above, Ca**-substitution LZC
is expected to exhibit good compatibility and cycling perfor-
mance in ASSBs with 4 V-class cathode material. Thus, ASSBs
were assembled with LZCa,;Cl as SE and Li-In alloy as the
negative electrode and uncoated-LCO as the positive electrode.
Considering the symmetric Li cell above, a thin interlayer of
LPSCI was employed to prevent direct contact between the
LZCa,1Cl electrolyte and Li-In anode. As shown in Fig. 3a
and Fig. S8a (ESIT), the LZCa,,Cl-based cell shows a larger
initial discharge capacity of 144.2 mA h g~* and higher cou-
lombic efficiency of 97.2% at 0.05C, compared to those of the
LZC (137.8 mA h ¢! and 91.9%). In the same way, the average
discharge capacities of the LZCa,,Cl-based cell are 134.9,
125.0, 119.6, 112.5, 100.2 and 77.1 mA h g ' respectively
(Fig. 3b and d) when the rate increased from 0.1 to 2C, while
the corresponding average discharge capacities of the cell with
LZC electrolyte are only 124.0, 104.3, 95.7, 87.7, 78.1 and 66.7
mA h g7, respectively (Fig. S8b and c, ESIt). After 150 cycles
(Fig. 3c), the LZCa, Cl-based cell still maintains a discharge
capacity of 82.9 mA h g~ with a capacity retention of 83.1% at
1C. However, the LZC-based cell exhibits a low discharge
capacity of 62.4 mA h g~* with a capacity retention of 79.6%
at 1C. Besides, ASSB with LZCa, ;Cl SE still exhibit the capacity
retention of 93.5% within 50 cycles under 50 °C in Fig. S9
(ESIT). The difference in long-term cycling, especially for rate
capability, implies that the compatibility and stability of
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Fig. 3 Electrochemical performance of the Li—In|LPSCl-LZCaq 1ClILCO cell
(a) Initial charge and discharge curves at 0.05C. (b) Rate capability at 0.1C,
0.2C, 0.3C, 0.5C, 1C, and 2C. (c) Cycling performance at 1C. (d) Discharge
curves at 0.1C, 0.2C, 0.3C, 0.5C, 1C, and 2C. (e) Nyquist plots for ASSBs with
LZC and LZCap,Cl electrolytes before cycling and after 150 cycles.

LZCa, 1Cl SE are much better than that of the LZC electrolyte
in ASSBs. EIS measurements for ASSBs after 150 cycles further
verify this point. The corresponding Nyquist plots for the LZC
and LZCa, ,Cl-based cells are shown in Fig. 3e and the fitting
results are depicted in Table S4 (ESIT) based on the equivalent
circuit model (Fig. S10, ESIt).?® The intercept in the high
frequency region corresponds to the ohmic resistance of SE
(Rsg)- Two semicircles in the Nyquist plots are observed in the
middle frequency region and a straight line in the low fre-
quency region. In addition, the first small semicircle represents
the interfacial resistance between the Li-In anode and SE (R.1)-
Another is related to the interfacial resistance between the
cathode and SE (R.y).>° Compared to R., R has a more
significant influence on cell performance. Apparently, the R,
of the LZCa, ;Cl-based cell (81.7 Q) is much smaller than that of
the LZC-based cell (268 Q), indicating that the interfacial
stability with LZCa,;Cl is much better than that of LZC.
Similarly, ASSBs with the scNCM811 cathode were also further
performed in Fig. S11 and S12 (ESIt).

In addition, X-ray photoelectron spectroscopy (XPS) was con-
ducted to investigate the interfacial stability between the LCO
cathode and SEs in Fig. 4a and b. The peaks of Cl and Zr in the
electrolyte remain unchanged even after undergoing 150 cycles.
The peaks corresponding to Ca with low content were also
attempted to be detected and the difference is also minimal for
the pristine state and after cycling in Fig. S13 (ESIt). The results
indicate that the chemical environment remains relatively con-
stant during the cycling process. Likewise, leakage current tests
with an extremely high voltage of 4.5 V vs. Li*/Li were conducted to

This journal is © The Royal Society of Chemistry 2025
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confirm the electrochemical degradation reactions for the electro-
lytes. The leakage current of LZCa, 1Cl (4.3 A cm™?) is lower than
that of LZC (6.0 pA cm™?), implying that LZCa,,Cl could effec-
tively inhibit the interfacial side reaction and improve the inter-
facial stability under high voltage in Fig. 4c. The differential
capacity over voltage (dQ/dV) for ASSBs during the cycling process
is also analyzed in Fig. 4d and e. Compared to LZC, the LZCa, ;Cl-
based cell possesses lower anodic and higher cathodic voltages
from the 5th to 100th cycles, showing that Ca®"-substituted LZC
could effectively maintain excellent voltage and capacity stability.
Hence, the ASSBs with LZCa, ;Cl show outstanding high capacity
and long-term cycling stability performance.

In summary, a cost-effective Ca>*-substituted LZC was suc-
cessfully synthesized with higher ionic conductivity and wider
electrochemical window. The LZC with Ca doping (x < 0.1) still
maintains the trigonal structure with hep arrangement. The XRD
refinement and BVSE analysis show that Ca doping in LZC could
increase the lattice size and effectively reduce the 3D Li" migra-
tion barrier. Thanks to the high interfacial stability, the ASSBs
with Ca**-substituted LZC electrolyte and uncoated-LCO or
scNCM811 cathode exhibit excellent rate capability and cycling
performance. We believe that this work provides an available
option for practical applications of halide-based ASSBs.
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