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Li;ZrClg (LZC) solid-state electrolytes (SSEs) have been recognized as a candidate halide SSEs for all-
solid-state Li batteries (ASSLBs) with high energy density and safety due to its great compatibility with
4V-class cathodes and low bill-of-material (BOM) cost. However, despite the benefits, the poor chem-
ical/electrochemical stability of LZC against Li metal causes the deterioration of Li/LZC interface, which
has a detrimental inhibition on Li* transport in ASSLBs. Herein, we report a composite SSE combining
by LZC and argyrodite buffer layer (LigPSsCl, LPSC) that prevent the unfavorable interaction between LZC
and Li metal. The Li/LPSC-LZC-LPSC/Li symmetric cell stably cycles for over 1000h at 0.3 mA/cm? (0.15
mAh/cm?2) and has a high critical current density (CCD) value of 2.1 mA/cm? at 25°C. Under high temper-
ature (60 °C) which promotes the reaction between Li and LZC, symmetric cell fabricated with composite
SSE also display stable cycling performance over 1200h at 0.3 mAh/cm?. Especially, the Li/NCM ASSLBs
fabricated with composite SSE exhibit a high initial coulombic efficiency, as well as superior cycling and
rate performance. This simple and efficient strategy will be instrumental in the development of halide-
based high-performance ASSLBs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Li-ion batteries (LIBs) have been infiltrated into our lives, due
to their widespread applications in mobile phones, power sup-
plies, electric vehicles and other fields [1-7]. However, the existing
commercial LIBs employ liquid electrolytes, which leads to serious
safety issues under harsh working conditions [8-11]. As one of
the next-generation LIBs, the all-solid-state Li batteries (ASSLBs)
have the potential to replace the liquid LIBs due to its extremely
high safety and potentially high energy density [12-15]. Solid-state
electrolytes (SSEs) are the key component in fabricating ASSLBs.
A wide variety of SSEs including sulfides (Li;qGeP,S1, [16-21], Li-
Argyrodites Li7,XPSG,xC1x [22—27], Li7P3511 [28—30], ﬂ-Li3P54
[31-33]), oxides  (NASCION-type  Lij xAlx(Ti/Ge);_x(POy)3
[19,34-36], garnet-type Li;La3Zr,01, [37-42], perovskite-type
Li3,xLay3_xTiO3 [43-45]), polymers (PEO [46-49], PVDF-HFP
[50,51]) and halides (Li3sMXg [52-56], spinel-type LiScy;3Cly
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[57,58], hexagonal close-packed (hcp) Li,ZrClg [59-62]) have been
studied.

The halide SSEs have attracted more and more attention and
been a hot-spot recently, owing to the good compatibility match-
ing 4V-class layered-structural cathodes and the softness in fab-
ricating ASSLBs [1,60,63]. Especially, the hexagonal closest packed
(hep) LipZrClg (LZC) has become one of the halides SSEs with
great commercialization potential and has attracted widespread at-
tentions because of its extremely low material cost compared to
other halide SSEs (Li3InClg, Li3ScClg, etc.). Meanwhile, the LZC still
has the advantages of being relatively stable at elevated voltages
(>4.3V) due to the high oxidation potential of chloride anions [1].
For example, Ma et al. [59] and Jung et al. [60] synthesized the
LZC by ball milling, and fabricated the ASSLBs with a direct con-
tact between LZC and the 4V-class cathode particles, which deliv-
ered initial coulombic efficiencies of 97.9% and 90.3% for LiCoO,
(LCO) and single crystalized LiNiggCog1Mng;0, (without any coat-
ing). Unlike the cathode interface, the [ZrClg] unit could be easily
reduced, and therefore, LZC are generally unstable at the anode in-
terface, especially in contact with Li metal anodes [64]. Recently,
by examining the reaction products at the anode interface, Riegger
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Scheme 1. Schematic illustration showing (a) pure LZC and (b) LPSC-LZC composite
solid-state electrolyte in contact with Li anode.

[65] and Fu [66] succeeded in elucidating the mechanism of in-
teraction between halides (LisMXg) and Li metal. The high-valence
metal cations (M3+ or M4*) in halides can easily be reduced to M°
by Li metal. However, this newly interface containing M° is still
electronically conductive with low ionic conductivity, which hin-
ders Lit transport and will continue expanding by continuously
consuming Li metal and LisMXg [67].

Inspired by the crucial role that interfacial decomposition com-
ponents played, we demonstrate a composite SSE composed of ar-
gyrodite buffer layer and LZC for the inhibition of reaction be-
tween Li and LZC. The LigPSsCl (LPSC) protective buffer layer has
a high Li* conductivity (2-4 mS/cm) and low electronic conduc-
tivity (1079-10-8 S/cm) [3,24,68], which effectively suppresses the
reduction and Li dendrites during electrochemical cycling. Impor-
tantly, the composite SSEs are expected to have excellent stability
against Li metal (Scheme 1), where the interface and interphase
were studied in details by X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM),
and Raman spectroscopy measurements. What is more, the Li/Li
symmetric cells were tested at different currents and temperatures
to further demonstrate the stability of this composite SSE. Finally,
the composite SSE based ASSLBs that employ Li metal as anode
were fabricated and examined to verify the successful application
of composite SSE. Our work provides simple and effective method
solving the side reactions between Li anode and LZC halide SSE,
which promotes the development of all-solid-state batteries.

To prepare Li,ZrClg (LZC), a stoichiometric mixture (10 g) of LiCl
(anhydrous, 99%, Aladdin), ZrCl, (anhydrous, 99.9%, Aladdin), was
ball-milled at 250rpm for 32h in a ZrO, tank (500 mL, inner di-
mensions: ¢ 89 x h 88 mm) with ZrO, balls (¢ 10 mm, 250g, CN-
POWDER, Zhuzhou) using MITR-YXQM-8L. LigPS5Cl (LPSC) was syn-
thesized by a procedure of ball-milling and subsequent annealing.
The stoichiometric mixture (15g) of LiCl (anhydrous, 99%, Aladdin),
Li,S (anhydrous, 99.9%, HangZhou KaiYaDa Semiconductor Materi-
als Co., Ltd.) and P,Ss (anhydrous, 99%, Macklin) were ball-milled
at 180rpm for 6h in a Polyurethane tank (500 mL, inner dimen-
sions: ¢ 89 xh 88mm) with ZrO, balls (¢ 10mm, 150g) using
MITR-YXQM-8L. After ball-milling process, the mixture was sealed
in a quartz bottle and annealed at 460 °C (heating rate of 1°C/min)
for 14h and then natural cooled to obtain the final LigPSsCl. All
above operations were carried out under argon atmosphere. The
composite SSEs were prepared by cold press. Firstly, cold press the
LZC powder (100 mg) under 240 MPa pressure, and then LPSC pow-
der (15mg) was spread on one side of LZC pellet and cold pressed
under 300 MPa.

XRD cells holding hermetically sealed SSE powders with a PI
film were carried on an XRD diffractometer (Ultima IV) and mea-
sured at 40kV and 40mA from 10° to 60° with a scan speed of
2.4°/min. The PHI 5000 Versa Probe IIl used a monochromatic Al
K X-ray source with a 200pum beam size to conduct X-ray photo-
electron spectroscopy (XPS). Dual beam charge neutralization was
used to achieve charge compensation, and the hydrocarbon C 1s
feature’s binding energy was adjusted to 284.8eV to rectify the
binding energy. Energy dispersive spectroscopy (EDS, Bruker) was
added to scanning electron microscopy (SEM, TESCAN MIRA3) in
order to analyze the morphologies or elemental distributions, re-
spectively. Raman spectra were collected with an Ar-ion laser beam
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at exciting radiation wavelength of 514nm using a laser Raman
spectrometer (AW200SG, Electrotek).

All-solid-state Li batteries fabrications: the synthesized pow-
der was loaded into an electrically insulating Al,05 cylindrical cell
with an inner diameter of ¢ 10 mm, and then was compressed un-
der 240 MPa without heat treatment. Carbon electrodes were then
added on both sides, and the C/SSEs/C symmetric cell was used
for the AC impedance test. An electrochemical workstation (IVIUM
nSTAT) was used to measure the electrochemical impedance spec-
troscopy (EIS) with a frequency range of 1 MHz to 1Hz and an am-
plitude of 10 mV. The conventional formula, o =L/RS, where L is
the pellet’s thickness, S is its area, and R is the resistance value
determined by the EIS test, yields the conductivity value o. The
EIS test at varied temperatures from —15°C to 65°C was con-
ducted using the In/SSEs/In symmetric cell via Zahner Zennium
pro with a frequency range of 5MHz-1Hz, where measurements
were conducted continuously from low to high temperatures be-
ing monitored by the HHTC-30-40-F. Li metal was employed as
the anode for the ASSLBs. LCO or LiNipgCop;Mng,0, (NCM622),
SSEs, and super C65 (annealed at 800°C for 12h) powders were
mixed at a weight ratio of 70:30:2 to prepare composite work-
ing electrodes. In the battery assembly procedure, we first pressed
SSEs at 240 MPa, then added a thin LPSC layer on one side of
the electrolyte and pressed the composite cathode at 300 MPa. Fi-
nally, Li anode was added on the LPSC side, and the entire as-
sembled ASSLBs was kept at approximately 30 MPa in test moulds.
The full cells were evaluated by a Neware battery testing equip-
ment (CT-4008-5V10mA-164) in voltage ranges of 3.0-4.3V for
LCO/NCM622.

The LZC was synthesized through LiCl and ZrCly by high en-
ergy ball milling. The XRD patterns of LZC showed a high match-
ing with Li3YClg (PDF#44-0286), except for a position shift of the
peak caused by the different ionic radii of Zr*t and Y3+ (Fig. 1a).
Meanwhile, the Arrhenius plot of the LZC in the temperature range
from —15°C to 65 °C are shown in Fig. 1b, delivering good linearity
and the corresponding activation energy (E;) was 0.424 eV. Nyquist
plots at all temperatures and corresponding distribution of relax-
ation time (DRT) are shown in Figs. S2 and S3 (Supporting infor-
mation). Nyquist plots of LZC and LPSC at —15~65 °C were fitted to

the model Zpgr (f) = Roo +7‘>ylnr/(1 +im ft)dint, where Ry de-
0

notes the ohmic resistance, 7 is the relaxation time, and ylint
is the distribution function of relaxation times (written as y (7)).
As the temperature increased, the resistance and DRT’s relaxation
time of LZC decreased. The EIS spectra of LZC at 25 °C is shown in-
set of Fig. 1b, where the Li™ conductivity was 0.33 mS/cm and the
electronic conductivity was 2.48 x 10-° S/cm (Fig. S4 in Supporting
information). What is more, the SEM images of LZC powder are
depicted in Fig. S5 (Supporting information). Although the grain
sizes of LZC powder were non-uniform, all powders no matter in
agglomerations or single particles were less than 500 nm. Mean-
while, Fig. S6 (Supporting information) shows the energy disper-
sive X-ray spectroscopy (EDS) mapping for cross-sectional of LZC
pellet, illustrating the uniform distribution of Zr, Cl elements in
LZC. The above results demonstrate that the LZC halide SSEs were
successfully synthesized. Owing to the high Li* conductivity, low
electronic conductivity and the ability to form a stable interfacial
layer in contact with Li metal, the LPSC was selected as the buffer
layer with LZC to form composite SSEs to prevent the unfavorable
reaction between LZC and Li metal. LPSC was synthesized through
conventional milling-calcination solid reaction method. Fig. 1c dis-
plays the pure argyrodite-phase of LPSC, and its Li™ conductivity,
electronic conductivity and E; were 2.4 mS/cm (inset of Fig. 1d),
2.89 x 10~° S/cm (Fig. S7 in Supporting information), and 0.385eV
(Fig. 1d), respectively. Corresponding Nyquist plots and DRT results
were shown in Figs. S8 and S9 (Supporting information). As de-
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Fig. 1. (a) XRD pattern of LZC. Bragg indexes for Li;YClg (44-0286) is shown at the bottom. (b) Arrhenius plot and Nyquist plot of LZC at 25°C in the inset. (c) XRD pattern
of LPSC. Bragg indexes for Li; PS¢ and Li,S are shown at the bottom. (d) Arrhenius plot and Nyquist plot of LPSC at 25°C in the inset. (e) EIS plots of LZC and LPSC-LZC-LPSC
at 25°C. (f) Cross-section SEM image of the LPSC-LZC and the corresponding EDS mapping of S element.

picted in Figs. S10 and S11 (Supporting information), the particle
sizes of LPSC powders were in agglomeration in several microns
with the primary particles and the P, S and CI elements were uni-
formly distributed in the LPSC.

The composite SSE was synthesized by cold pressing at
240 MPa. The SEM images of composite SSE and corresponding EDS
mappings of S are shown in Fig. 1f. The thickness of LPSC layer was
approximately 50 um. To verify the compatibility between LZC and
LPSC, the Lit conductivities of LZC and LPSC-LZC-LPSC were tested
(Fig. 1e), where no much difference was observed, indicating that
the interfacial resistance of LZC/LPSC was low. Interestingly, the re-
sistance of the composite electrolyte is smaller than that of LZC
itself. Owing to the better mechanical flexibility of LPSC than that
of LZC, LPSC is in closer contact with the blocking electrode (car-
bon, C) than that of LZC. Moreover, the contact resistance between
C and LPSC is also smaller than that of C and LZC due to the bet-
ter mechanical flexibility of LPSC. So the as tested resistance of
the composite electrolyte is smaller than that of LZC itself. Mean-
while, errors in the testing process and of test equipment may also
contribute to this result. Meanwhile, we mixed the LZC and LPSC
powders and stored for 24 h. XRD patterns of the mixed powders
do not change before and after mixing (Fig. S12 in Supporting in-
formation), indicating that the LZC and LPSC co-exist without any
side reaction. All results indicated that the composite SSE is stable.

The symmetric Li/Li cells were assembled to further investigate
the chemical and electrochemical stability between the compos-
ite SSE and Li metal. Figs. 2a and b show the impedance evolu-
tion during the storage (without charging/discharging) of Li/LZC/Li
and Li/LPSC-LZC-LPSC/Li cells. The resistance of Li/LZC/Li cell in-
creased gradually with time (732 €2 to 6329 Q in 96 h), indicating
the Li/LZC interface was worsening during storage. In stark con-
trast, the composite SSE demonstrated good compatibility with Li
metal, where the resistance of Li/LPSC-LZC-LPSC/Li symmetric cell
hardly altered in 96 h (Fig. 2b). Additionally, DRT tool [69,70] was
applied to further analyze the Nyquist plots of symmetric cells. As
shown in Fig. 2c, the T at 1055 represented the Li* migration in
SSE [69], where the T and resistance of Li/LZC/Li and Li/LPSC-LZC-

LPSC/Li were similar. However, the T of Li/LZC/Li became sluggish
and the impendence increased very large after 96 h of aging, while
Li/LPSC-LZC-LPSC/Li almost unchanged. Obviously, the LPSC layer
worked very well for preventing the unfavorable reaction between
LZC and Li metal. To further evaluate the electrochemical stability
of composite SSE against Li metal, the stripping/plating measure-
ments were carried out in symmetric Li/Li cells, as shown in Fig.
2d. At room temperature (25°C), the Li/LZC/Li symmetric cell de-
livered a rapid increase in overpotential to 1V at 0.3 mA/cm? (0.15
mAh/cm?) within 60h, suggesting that reaction products had ac-
cumulated to impede the charge transfer at the Li/LZC interface. In
contrast, the Li/LPSC-LZC-LPSC/Li symmetric cell delivered excellent
stability during cycling over 1000h (Fig. 2d), where the polariza-
tion voltage slightly increased from 90 mV to 119 mV (inset of Fig.
2d), indicating the good stability of interface toward Li metal and
highly stable reversibility of Li anode. Meanwhile, the composite
SSE still had stability against Li at high temperature (60 °C), where
the Li/Li symmetric cell for composite SSE exhibited a stable cy-
cling and low polarization voltage for 1200h at 0.3 mAh/cm? (Fig.
2e) and 500 h at 0.5 mAh/cm? (Fig. $13 in Supporting information).
Furthermore, the rate performance of Li/Li symmetric cells of LZC
and composite SSE was tested from 0.05mA to 1.7 mA (Figs. 2f and
g). When the current increased to 0.85mA (1.08 mA/cm?), the po-
larization voltage of Li/LZC/Li increased to the protection voltage
4V. However, when the polarization voltage of Li/LPSC-LZC-LPSC/Li
increased to 4V, the CCD was as high as 2.1 mA/cm? (1.65mA),
which further proves the great electrochemical stability of com-
posite SSE against Li metal.

Cross-sectional SEM images of Li/LZC/Li and Li/LPSC-LZC-LPSC/Li
symmetric cells after 50h of cycling are shown in Figs. 3a and
b. The Li/LZC interface underwent serious side reactions, where
cracks due to the volume expansion of Li metal were clearly ob-
served. By introducing LPSC combined with LZC to form composite
SSE, the symmetric cell maintained a continuous and robust in-
terface. Corresponding EDS mapping of S and Cl elements further
revealed uniform distribution, indicating the robust interface be-
tween composite SSE and Li anode (Fig. 3c). In addition, digital
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Fig. 2. EIS spectra of (a) Li/LZC/Li and (b) Li/LSPC-LZC-LPSC/Li after aging. (c) DRT results corresponding to Nyquist plots in (a, b). (d) Li plating/stripping voltage curves of
the symmetric cells at 0.3 mA/cm? (0.15 mAh/cm?) and 25 °C. The details are indicated by the 1, 2 and 3 areas marked in the inset. (e) Li plating/stripping voltage curves of
the Li/LPSC-LZC-LPSC/Li cell at 0.3 mAh/cm? and 60 °C. (f) Current and (g) voltage profile of the symmetric cells at increasing stepwise current densities and the duration for

each charge and discharge step was 0.5 h.
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Fig. 3. Cross-sectional SEM images of (a) Li/LZC/Li and (b) Li/LPSC-LZC-LPSC/Li after 50 h cycling. (c) EDS mapping of Cl and S at the cross-section as shown in (b). (d) The
digital images (1-3) of (1) pristine LZC, (2) LZC reacted with Li, and (3) LZC protected with LPSC, respectively, after cycling. (e) Surficial XRD patterns and (f) Raman spectra

of (1-3) as denoted above.

images clearly demonstrated that the surface of pure LZC turned
black after cycling with Li metal, whereas the LZC protected by
LPSC was essentially unaltered, demonstrating the excellent com-
patibility of composite SSE against Li (Fig. 3d). After direct contact
of LZC and Li, the LZC phase of blackened materials matched ex-
actly with the LiCl, indicating that LZC had been completely re-
duced by Li metal. The XRD patterns of LZC with LPSC after reac-
tion with Li metal was almost the same to the pristine LZC, indicat-
ing no side reaction (Fig. 3e). The results of Raman (Fig. 3f) were
similar to that of XRD, the characteristic wave numbers of black-

ened LZC (2) were 792.8, 496.4 and 70.8 cm~!, which matched
with LiCl. The Raman shift of LZC with LPSC protection (3) was
identical to that of pure LZC (1).

To further investigate the reaction mechanism of LZC with Li
metal and the protective effect of LPSC on LZC, XPS were per-
formed to analyze the Li/LZC interface and Li/LPSC-LZC interface
after cycling (Fig. 4). LZC was reduced by Li metal to Zr and
LiCl, which explained the increasing overpotential during the plat-
ting/stripping process. As a sharp comparison, the XPS spectra of
LZC protected by LPSC had barely changed, remaining the same as
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Fig. 4. XPS spectra of pristine LZC, Li/LZC and Li/LPSC-LZC after 50h cycling. (a) Li 1s, (b) Zr 3d and (c) CI 2p.

the pristine LZC (Fig. 4). Besides, the LPSC powder and Li pieces
were hand-mixing for 20 min at a molar ratio 1:8 to explore the
reaction mechanism of the Li/LPSC interface. The XRD pattern of
Li/LPSC was largely identical to that of pristine LPSC (Fig. S14
in Supporting information). Meanwhile, the Li/LPSC interface and
pure LPSC were also investigate by XPS. Compared with LPSC,
Li/LPSC interface only delivered partial Li,S as well as phosphorus
sulfide with no serious reduction reactions, indicating that a sta-
ble interface formed when LPSC contacting to Li metal (Fig. S15 in
Supporting information).

To assess the benefit of composite SSE in a ASSLBs, Li/LPSC-
LZC/LiCoO, (LCO) and Li/LPSC-LZC/LiNiggCog,Mng,0, (NCM622)
full cells were assembled and evaluated. The Li/LPSC-LZC/LCO cell
delivered much higher initial coulombic efficiency (96.1%) than
that of the Li/LZC/LCO cell (89.9%) (Fig. 5a). In addition, initial
charge/discharge curve of the Li/LZC/LCO cell delivered a much
lower voltage than that of Li/LPSC-LZC/LCO. The Li/LZC/LCO cell
also delivered a rapid capacity fading from 152.9 mAh/g to 45
mAh/g within 3 cycles at an LCO loading of 6 mg/cm? and 0.1
C rate (Fig. 5b), which was caused by the serious side reaction
between LZC and Li metal. In comparison, the Li/LPSC-LZC/LCO
cell displayed good cycling stability over 70 cycles with 80.5%
capacity retention and a high coulombic efficiency of ~100%.
Fig. S16a (Supporting information) displays the rate capacity of
Li/LPSC-LZC/LCO and the corresponding charge/discharge curves
are shown in Fig. S16b (Supporting information). In addition, the
Li/LPSC-LZC/NCM622 cell delivered good rate performance, where
the specific capacities at 0.1, 0.3, 0.5 and 1 C were 187.5, 162.5,
133.2 and 66.4 mAh/g, respectively (Fig. 5c). The corresponding
charge/discharge curves are shown in Fig. S17 (Supporting informa-
tion). Moreover, the cycling performance of Li/LPSC-LZC/NCM622
cell is shown in Fig. 5d. The cell presented a specific capacity of
158.8 mAh/g at 0.3 C with a capacity retention ratio of 87.1% af-
ter 70 cycles. However, the Li/LZC/NCM622 cell cannot work owing
to the seriously deteriorated Li/LZC interface (Fig. S18 in Support-
ing information). All of these findings prove the superior stability
and reversibility of the ASSLBs fabricated with composite SSE and
Li anode.

In summary, we propose a composite SSE combining the LZC
and argyrodite buffer layer (LPSC). The LPSC’s high Li* conductivity
(2.4 mS/cm) and low electronic conductivity (2.89 x 10~2 S/cm) en-
able it to act as a bridge between LZC and Li. SEM, XRD and Raman
spectroscopy results clearly demonstrated the stability of compos-
ite SSE against Li metal. Therefore, the Li/LPSC-LZC-LPSC/Li sym-
metrical cell exhibited stable cycling over 1000h at 0.3 mA/cm?
(015 mAh/cm?) and a high CCD value of 2.1 mA/cm? at 25°C.
Meanwhile, the composite SSE based ASSLBs which employ Li
metal as an anode display high coulombic efficiency (~100%), out-
standing cycling (>70 cycles) and rate performance (>120 mAh/g
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Fig. 5. Electrochemical performance of the ASSLBs employing LZC and composite
SSE at 25°C. (a) Initial charge/discharge curves obtained at 0.1 C for LCO electrodes
using LZC and composite SSE with the coulombic efficiency denoted as 1couiomb, and
(b) corresponding long-term cycling performance at 0.1 C. (c) Rate performance of
NCM622 electrodes using composite SSE at 0.1, 0.3, 0.5 and 1 C, and (d) long-term
cycling performance thereof at 0.3 C.

at 0.5 C). This work provides a simple and practical method for the
application of halide-based SSE in Li-anode based ASSLBs.
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