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Halide electrolytes in solid-state batteries with excellent oxidative stability and high ionic conductivity
have been well reported recently. However, the high-cost rare-earth elements and long duration of high-
rotation milling procure are the major obstacles. Herein, we have successfully synthesized the low cost
Li; 25219 75Fe025Clg electrolyte consisting of abundant elements with comparable Li-ion conductivity in a
short milling duration of 4h. Phase transition of the annealed sample was also carefully investigated.
LiNig_GCOO‘zMl’lo‘z02/Li2.252r0_75Feo'zscls/Li5'5pS4.5C11'5/ln—Li batteries Using different halide eleCtrOlyteS were
constructed and cycled at different voltage windows. Solid-state battery using Li;;5Zrg75Feq25Clg elec-
trolyte obtained from long milling duration delivers higher discharge capacities and superior capacity re-
tention than shorter milling time between 3.0 and 4.3 V. It delivers much higher discharge capacity when
cycled at elevated temperature (60 °C) and suffers fast capacity degradation when the upper cut-off volt-
age increases to 4.5V at the same current density. This work provides an efficiency synthesis strategy
for halide solid electrolyte and studies its applications in all-solid-state batteries in a wide temperature
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All-solid-state lithium batteries (ASSLBs) with high safety and
energy densities show great potential as next generation energy
storage system in electric transport and smart grid [1]. However,
the low ionic conductivity and poor stability of current solid elec-
trolytes limit their applications in solid-state batteries. Intensive
efforts have been imputed to exploring new kinds of solid elec-
trolytes [2]. Oxide electrolytes show high chemical stability to-
wards both cathode and lithium metal anode, while those mate-
rials suffer low ionic conductivity, poor mechanical handling prop-
erty and large solid-solid interface resistances [3,4]. Polymers and
hydride electrolytes have good mechanical flexibility and lithium
compatibility, but their limited ionic conductivity leading to poor
battery performances [5,6]. Sulfide electrolytes are the first families
that showing ultrahigh ionic conductivity even higher than that
of organic liquid electrolytes [7-9]. The good mechanical property
and small interfacial resistance towards electrode materials makes
sulfide electrolytes a suitable electrolyte for ASSLBs. However, the
moisture sensitivity, narrow charge/discharge voltage window and
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low chemical/electrochemical stability with commercial cathode
materials are critical obstacles for its applications [10-14].

Halide electrolytes with excellent pristine cathode stability, ac-
ceptable ionic conductivity, and good mechanical strength have
significantly attracted attentions. Tetsuya Asano et al. [15] have
successfully synthesized Li3YClg and Li3YBrg electrolytes with high
conductivities of 0.51 and 0.72 mS/cm using the mechanical
milling routes. Afterwards, many kinds of Li;MXg-type halide elec-
trolytes have been designed and prepared, such as LisInClg [16],
Li3ErClg [17]. Sun et al. found that LixScCls,y electrolytes show
the highest ionic conductivity of 3 mS/cm when x=3 [18]. Re-
cently, Zhou et al. reported spinel structure Li;InkScqges_xCls elec-
trolytes with excellent cycling performance between a high volt-
age window up to 4.8V when combined with NCM85 cathode
and In-Li anode [19]. However, large amount of high-cost rare-
earth in the composition of those reported halide electrolytes im-
pede their widely application in ASSLBs. Wang et al. reported a
new kind of halide electrolyte Li,ZrClg with comparable conductiv-
ity and consisting of high abundant zirconium, which greatly de-
crease the cost [20]. Multiple substation strategies have been ap-
plied to explore new kinds of low-cost halide electrolytes, such as
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Li2.252r0_75Fe0_25C16 [21], L12+XYXZI']_XC16 [22], Li2+XYbXZr1_xCl6 [23]
Our previous work has successfully increased the ionic conductiv-
ity of Li,ZrClg up to 10~3 S/cm via the replacement of Zr*t with
In3+ in the structure [24].

Although the water-meditated synthesis route has been re-
ported by Li et al [25,26], most of those reported halide elec-
trolytes are synthesized using the solid-state synthesis method. To
obtain the target phase, high rotation milling process was typi-
cal chosen to prepare those halide electrolytes. The common syn-
thesis procure is to mill the mixture of starting materials with
high-rotation speed for long durations. Schlem et al. have tailored
the synthesis processes of LizErClg and Li3YClg when using the
solid-state reaction method to achieve high ionic conductivity [17].
This long milling period is time and energy consuming and lowers
the repeatability of the obtained halide electrolytes, limiting their
large-scale synthesis and applications. The mechanical milling pro-
cess plays a key role on the variability of the cationic in the struc-
ture. Moreover, the phase impurity and amorphous content are de-
cided by the milling durations, which also affect the corresponding
electrochemical performances. Unraveling the influence of milling
durations in Li-ion conductivity and battery performances of halide
electrolytes can accelerate their application.

For some inorganic solid electrolytes synthesized using the me-
chanical milling process, a higher crystallinity normally provides
a faster ion diffusion [27], which has also been confirmed by our
previous work [28]. Heat treatment is the typical post handling
method to enhance the crystallinity of solid electrolyte prepared by
high rotation milling process. However, some halides electrolytes
LixMyClg have reported have much lower ionic conductivity af-
ter heat treatment (e.g., Liz_xYb;_xMxClg [23], Li;ZrClg [20]). When
some others can obtained high ionic conductivity samples through
heat treatment (e.g., Li3InCly gFq> [29], Li3YBrg [30]). While the sin-
tering process on the phase transition and ionic conductivity of
Li2.252r0.75F60'25C15 is unclear.

Halide Li3sMXg electrolytes have been reported to show a high
electrochemical stability towards active cathode materials and a
wide charging/discharging voltage window [31]. However, the ac-
tual cathode and electrolyte stability of halide electrolytes at
higher cut-off voltage under elevated operating temperatures still
needs to be confirmed [32]. High operating temperatures provide
faster ionic conductivity for solid electrolyte and also suffer more
intense side reactions and interfacial stability, which may become
more serious under higher upper cut-off voltages.

Herein, we successfully synthesize large amounts of
Liy 55Zrg 75Feg25Clg (LZFC) electrolyte with high Li-ion conduc-
tivity of 0.80 mS/cm at room temperature through the simple
ball-milling strategy. Although the short-term milling also can
provide comparable Li-ion conductivity (0.74 mS/cm), the corre-
sponding electrochemical performances in solid-state batteries are
totally different. The influence of sintering treatment in the phase
transition of the obtained LZFC electrolyte has also been studied.
Solid-state batteries using those two kinds of LZFC electrolytes and
Li5s 5PS45Cly5 buffer layer, combined with the LiNiggCog;Mng;0;
cathode and Li-In anode have been constructed. Electrochemical
performances at different voltage windows and different operating
temperatures are carefully investigated. Multiple characterization
methods, including XRD, dQ/dV, and EIS are performed to unravel
the working mechanism of those assembled batteries cycled at
different operating conditions.

To prepare the Liy,5Zrg75Feqo5Clg electrolyte, the mixture of
starting materials was ball-milled using the WC balls and jars. The
total weight of the raw materials was fixed at 20g. Fig. 1a shows
XRD patterns of the LiCl, FeCl3 and ZrCl, mixture from the begin-
ning to 16h. As depicted in Fig. 1a, the diffraction peaks of the
raw mixture after 110 rpm are indexed to the standard XRD peaks
of those starting materials. After 4 h milling, those XRD peaks are
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indexed well to the pure Li3YClg structure. With increasing milling
durations, no clear impurity phase is observed in the XRD pat-
terns, suggesting that the pure target phase of LZFC electrolyte has
been successfully synthesized after 4h. The sample milled after
16 h shows similar reflections in the XRD patterns as that obtained
after 4h, both of which can be indexed to the Li3YClg structure
with a space group of p3m1. The corresponding crystal structure
of LZFC is depicted in Fig. 1b. To investigate the ionic conductiv-
ity changes during the milling process, the mixture after differ-
ent milling durations was measured using the AC impedance us-
ing stainless steel as the blocking electrode. As presented in Fig.
1c, the mixture shows a decrease of resistance in the first 4 h, from
174.1 Q for the mixture after 110 rpm to 88.3 Q2 for the mixture af-
ter 550rpm for 4h. In the subsequent milling processes, the mix-
ture displays slightly changed resistance, resulting in a resistance
of 93.1 Q for 8h, 71.9 2 for 12 h, and 82.3 2 for 16 h, respectively.
The corresponding Li-ion conductivities of those mixtures deduced
from the resistances in Fig. 1d are 0.75, 0.71, 0.86 and 0.80 mS/cm
for 4, 8, 12 and 16 h milling. The comparable conductivity of the
mixture milled after 4h and 16 h, suggests that this kind of halide
solid electrolytes can be easily prepared after a short milling dura-
tion. Although our result is slightly lower than the previous result,
a much larger amount (20g) of the target material in one batch
with comparable ionic conductivity (0.98 mS/cm vs. 0.74 mS/cm)
was successfully synthesized in a shorter high rotation milling du-
ration (4h vs. 10h) [21]. XPS spectra of LZFC in Fig. 1e show the
same Zr 3d and Cl 2p peaks as previously reported in Fig. 1e, con-
firming similar surface conditions of our sample compared to the
previous sample [14,15].

Previous research has reported that the site disorder decreases
during the annealing process for some halide solid electrolytes, re-
sulting in increased activation barriers for ion diffusion and low-
ered Li-ion conductivities. To unravel the influence of post heat
treatment in the phase transition and ionic conductivity variations
of our halide electrolytes, the obtained LZFC from the mechanical
milling process was sintered at different temperatures for 5h. As
shown in Fig. 2a, the diffraction peaks located at 16.2° and 32.5°
become weaker and a new XRD peak located at 15.1° appears for
the sample annealed at 350 °C, indicating a phase transition of the
milled sample from the hcp Li3YClg phase to the ccp LisInClg phase
[9,10]. When the annealing temperature reaches 450 °C and even
higher temperatures, the XRD diffractions are indexed to the ccp
LisInClg phase. After the sintering process, the obtained sample
in the quartz tube shows a clear melting recrystallization phase.
The higher annealing temperature provides high crystallinity for
the corresponding sintered LZFC electrolyte. The ionic conductiv-
ities of the annealed samples were measured at different record-
ing temperatures using the AC impedance. As depicted in Fig. 2b,
the annealed samples show much higher resistances at room tem-
perature than that of the milled LZFC electrolyte. As shown in
Fig. 2c, after the sintering process, the ionic conductivity of the
milled LZFC sample suffers a rapidly decrease, from 0.74 mS/cm
to 3.1 x 107> S/cm at 350 °C, 2 x 106 S/cm at 450 °C, 1.2 x 10>
S/cm at 550 °C, and 9.0 x 10-% Sjcm at 650 °C, respectively. In-
terestingly, those annealed samples show new arcs in the spectra
at room temperature and become more obvious when the record-
ing temperature increases, suggesting a multiphase is formed dur-
ing the annealing process. Fig. 2d displays the Arrhenius plot of
the milling and sintering samples. The activation energies were
deduced from the temperature-dependent conductivities. The ob-
tained activation energy for the milled sample is 0.28 eV. After the
annealing process, the sintered samples show activation energies
of 0.44eV, 1.07eV, 0.59eV and 0.58 eV when annealed at 350 °C,
450 °C, 550 °C and 650 °C, respectively. The highest activation en-
ergy is achieved when the sintering temperature is 450 °C, sug-
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Fig. 1. (a) XRD patterns of Liy»5Zrg75Feq25Clg obtained after different milling durations. (b) Crystal structure schematic diagram of Li;55Zrq75Feg25Clg electrolyte. (c) Nyquist
impedance spectra of the sample milled for different periods measured at room temperature and (d) the corresponding Li-ion conductivity of different Li;,5Zrg75Feq25Clg
electrolytes. (e) XPS patterns of Liy5Zrq75Feq5Clg electrolyte obtained after milling for 4 h.
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Fig. 2. (a) XRD patterns of the milled Li,55Zrg75Feq25Clg electrolytes annealing at different temperatures for 5h. (b) Nyquist impedance spectra of different samples obtained
after annealing process measured at different recording temperatures. (c) The ionic conductivity and (d) Arrhenius plot of these electrolytes.

gesting that the recrystallization temperature is nearby this tem-
perature.

To compare the electrochemical performances of the ob-
tained LZFC solid electrolytes milled after 4h and 16h, the bare
LiNiggCog,Mng,0, cathode and Li-In anode was chosen to com-
bine with the above solid electrolytes to fabricate all-solid-state
batteries and the corresponding battery performances were in-
vestigated. However, the halide solid electrolytes have been re-
ported to show poor stability towards both the bare Li metal
and Li-In anode [33]. Our LZFC electrolyte also suffers this is-
sue. Therefore, chlorine-rich argyrodite LissPS45Clis electrolyte

with both ultrahigh Li-ion conductivity (comparable to the con-
ductivity of current liquid electrolyte) and good compatibility with
Li-In anode was chosen as the buffer layer to separate the di-
rect contact between the halide electrolyte and anode materi-
als. The LiNio.GCOOQMnO'z02/Li2.25Zl'0.75Feo_25C15/Li5.5PS4.5Cl]‘s/IH-Li
solid-state batteries with different kinds of LZFC electrolytes were
constructed and cycled at a current density of 0.161 mA/cm?2 (0.2
C) in the voltage range of 3.0-4.3V vs. Lit/Li®. As shown in Fig.
3a, all-solid-state batteries using Li;o5Zrg75Feq25Clg electrolytes
milled after 4 and 16 h deliver initial discharge capacities of 133.7
and 153.1 mAh/g with corresponding coulombic efficiencies of
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Fig. 3. (a) The initial and 90t charge/discharge curves and (b) the corresponding
cycling performances of NCM622/Li;;5Zr¢75Feq25Clg/Lis5PS45Clys/In-Li solid-state
batteries cycled at 0.2 C under room temperature between 3.0V and 4.3V (vs.
Li*/Li®). (c) The dQ/dV curves of the chosen cycles for the battery with electrolyte
BM 16 h and (d) BM 4 h under room temperature. (e) Discharging curves and (f) rate
capability of the above solid-state batteries cycled at different C-rates, 0.1 C, 0.2 C,
0.5 C, 1 Cand 2 C, respectively. For those solid-state batteries cycled in this figure,
the Liy»s5Zrg75Feg5Clg electrolyte obtained after 4h and 16 h were chosen as solid
electrolytes, respectively.

82.62% and 86.99%, respectively. After 90 cycles, those batteries
maintain discharge capacities of 74.9 and 105.5 mAh/g with capac-
ity retentions of 56.0% and 68.6%, respectively, as shown in Fig. 3b.
During cycling tests, both batteries show high coulombic efficien-
cies up to 99% in the figure, suggesting excellent lithium interca-
lation/ deintercalation behaviors. To investigate the phase transi-
tion of the cathode during cycling with different electrolytes, the
dQ/dV plots of the above batteries cycled at the fixed cycles are
compared as shown in Figs. 3c and d. Similar dQ/dV peaks locate
at ~3.08 and 3.06V are observed during the initial charging/ dis-
charging processes. However, the dQ/dV peaks of the assembled
battery using electrolyte obtained by milling after 16 h overlap bet-
ter than that of short period milling electrolyte during the sub-
sequent cycles, suggesting superior cyclability. To investigate the
structural variations of active material in cathode mixture before
and after cycles, the cycled cathodes were collected and character-
ized with powder XRD. As depicted in Fig. S1a (Supporting infor-
mation), the diffraction peaks of cathode mixtures of both batteries
cycled between 3.0V and 4.3V (vs. Lit/Li%) are indexed well with
the R3m layered structure and no impurity phases are observed
from the pattern, suggesting the good structural maintainability
when cycled with Li, 55Zrg 75Feq55Clg electrolytes. This agrees well
with previous result that halide electrolyte possess excellent cycla-
bility with pristine high-voltage cathode [32].

Additionally, the rate capability of those assembled solid-state
batteries using different Li,-5Zrg75Feq5Clg electrolytes measured
at room temperature was also carefully investigated. As depicted in
Fig. 3e, when the charge/discharge rate increases step-by-step from
low C-rate (0.1 C) to high C-rate (2 C), the discharge capacity de-
creases obviously. The solid-state battery using Liy »5Zrg75Feq25Clg
electrolyte milled after 4h delivers discharge capacities of 133.1
mAh/g at 0.1 C, 1041 mAh/g at 0.2 C, 69.1 mAh/g at 0.5 C, 37.7
mAh/g at 1 C, and 8 mAh/g at 2 C. In contrast, solid-state battery
using Liy »5Zrg75Feq25Clg electrolyte milled after 16 h shows much
higher discharge capacities at the rates, 148.1 mAh/g at 0.1 C, 135.8
mAh/g at 0.2 C, 108.7 mAh/g at 0.5 C, 80.1 mAh/g at 1 C, and 142.7
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Fig. 4. (a) The 1% charge/discharge curves and (b) the cycling performances of
NCM622/Liy 2571 75Feg 25 Clg/Lis s PS45Clys/In-Li solid-state batteries cycled between
different cut-off voltage windows at 0.2 C under 60 °C. (c) EIS spectrum of the as-
sembled battery before and after 90 cycles cycling at 3.0-4.3V and (d) 3.0-4.5V vs.
Li*/Li% (e) The dQ/dV curves of the chosen cycles for the battery cycling at 3.0-4.3V
and (f) 3.0-4.5V vs. Li*/Li® under 60 °C.

mAh/g at 2 C, respectively. With increasing charge/discharge rates,
the discharge curves of both batteries exhibit clear degradation of
discharge voltage plateaus in Fig. 3e. As shown in Fig. 3f, the bat-
tery using solid electrolyte with a longer milling duration (16 h) is
attributed to the smaller particle sizes, which agrees well with our
previous work [34].

Furthermore, the assembled ASSLBs were cycled in a wider
voltage window of 3.0-4.5V (vs. Li*/Li%) to evaluate the electro-
chemical performances. As shown in Fig. S3a (Supporting infor-
mation), a slight voltage platform appears at 4.25V (vs. Lit/Li).
Moreover, this battery delivers an initial discharge capacity of 141.1
mAh/g and suffers a rapid degradation in the subsequent cycles.
After 80 cycles, it only maintains a discharge capacity of 39.2
mAh/g (Fig. S3b in Supporting information). The corresponding
dQ/dV plots exhibit much worse cycling reversibility during the
test. The lower discharge capacity is ascribed to the more intense
irreversible electrochemical reaction of the NCM622 active mate-
rial at higher voltages (Fig. S3c in Supporting information). The
Nyquist plots in Fig. S3d (Supporting information) show a simi-
lar impedance change after cycling compared with the battery cy-
cled in 3.0-4.3V (vs. Lit/Li?). The cycling voltammetry results in
Figs. S4a and b (Supporting information) also exhibit increasing po-
tential differences between the reduction and the oxidation peaks,
from 0.40V for the initial cycle to 0.65V for the 5 cycle, suggest-
ing a poor cyclability.

Typical Li-ion batteries suffer fast performance deterioration at
elevated temperatures due to the side reactions and instabilities of
the organic liquid electrolytes applied in the batteries [35]. Hence,
solid-state battery with solid electrolyte provides the possibility
to exhibit excellent electrochemical performances at high operat-
ing temperatures. Herein, the fabricated battery using target elec-
trolyte milled after 16h in this work was also cycled at 0.2 C
with different upper cut-off voltages (4.3 and 4.5V) under 60 °C
to investigate the electrochemical performance. As shown in Fig.
4a, those batteries show two charge voltage plateaus at 3.8V and
425V (vs. Lit/Li%) during the initial charge process and a discharge
voltage of 3.8V during the subsequent discharge process. In con-
trast, this battery shows only one charge voltage plateau when the
upper cut-off voltage was set at 4.3V at room temperature, indi-
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cating that the appearance of this plateau is associated with the
operating temperature. The extra voltage plateau is associated with
the hexagonal phase to the new hexagonal phase (H2-H3) for the
layered structure cathode materials, which have an obviously im-
provement during the first cycle under high temperature and are
well reported in previous reports [36]. This battery delivers initial
discharge capacities of 161.8 mAh/g and 200.8 mAh/g with corre-
sponding coulombic efficiencies of 86.3% and 82.4% when the up-
per cut-off voltages were set at 4.3 and 4.5V (vs. Li*/Li®), respec-
tively, as depicted in Fig. 4b. Those values are much higher than
that at room temperature. When the battery was charged to 4.3V,
it shows good cycling performance, and maintains a discharge ca-
pacity of 103.1 mAh/g after 90 cycles with capacity retention of
65.6%. In comparison, when the battery was cycled in a wider volt-
age window with higher cut-off voltage (4.5V), it shows much
worse cyclability and fast capacity degradation. It shows higher
discharge capacities than that cycled at 4.3V in the first 40 cy-
cles and sustains a discharge capacity of 69.5 mAh/g after 90 cy-
cles with a low-capacity retention of 34.6%. To investigate the re-
sistance changes during cycling, EIS before and after 90 cycles
of those solid-state batteries cycled at different voltage windows
were also performed in Figs. 4c and d. The EIS spectra of battery
cycled at 4.5V exhibits larger interfacial resistance than that cy-
cled at 4.3V after 90 cycles, suggesting that more side reactions
and phase transition occurs at higher upper cut-off voltage. This is
also associated with the more obvious charge voltage plateau when
cycled at 4.5V under 60 °C. To evaluate the phase transition of the
assembled battery cycled at different operating temperatures, the
dQ/dV plots of those batteries at chosen cycles are presented in
Figs. 4e and f. Comparing with the above section that those bat-
teries cycled at room temperature, the battery here shows an ex-
tra dQ/dV peak during the initial cycle. Those two dQ/dV peaks are
attributed to the transformation of the M phase to the H1 phase
and the hexagonal phase to another hexagonal phase (H2-H3) for
the layered NCM622 cathode, which agrees well with the previ-
ous charging platforms. As shown in Figs. S4c and d (Supporting
information), the CV curves display more obvious redox peaks at
higher operating temperatures (60 °C), indicating that the transi-
tion is partly affected by the operating temperatures. This is associ-
ated with the intrinsic instability of the active materials at elevated
temperatures. In Generally, the transition from the H2 phase to the
H3 phase is considered to an irreversible phase transition process,
which is associated with the fast capacity degradation and the low
initial coulombic efficiency at the higher upper cut-off voltage.

In summary, a large-scale Li; 55Zrg 75Feg25Clg electrolyte can be
synthesized through a simple mechanical route in a short milling
duration (4h) with comparable ionic conductivity of 0.74 mS/cm
at room temperature than long durations (16h). A subsequent
sintering process significantly lowers its Li-ion conductivity. This
annealed phase is multiphase which shows obvious impedance
changes during the measuring process. Solid-state batteries using
different kinds of Li, 55Zrq 75Feq5Clg electrolytes and Lis 5PS45Cly 5
buffer layer combined with LiNiggMng;Cog,0, cathode and Li-
In anode has been constructed. The long duration (16 h) milled
Liy 55Zrg 75Feq25Clg electrolyte shows higher discharge capacities
and superior cyclability at room temperature when cycled between
3.0V and 4.3V than that obtained from short duration (4 h). More-
over, the former battery delivers higher discharge capacities and
good cyclability at the same measuring conditions under 60 °C dur-

Chinese Chemical Letters 34 (2023) 107544

ing 90 cycles. When the upper cut-off voltage rises to 4.5V, this
battery shows superior discharge capacities in the first 40 cycles
and fast degradation of capacity in the 90 cycles due to the irre-
versible phase transition from the H2 phase to the H3 phase for
LiNig gMng,Cog,0, cathode. Our research reveals the milling pa-
rameters on the conductivity and electrochemical performances of
Li, 55Zrg 75Feq25Clg electrolyte, which can promote its large-scale of
synthesis and applications in all-solid-state batteries.
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