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A B S T R A C T   

The lithium ion conductivity of lithium argyrodite can be improved by introducing Cl to tailor the S/Cl disorder 
in the structure. An ultrafast room temperature lithium ion conductivity of up to 6.4 mS/cm was achieved for 
Li5.7PS4.7Cl1.3. The synthesis parameters for Li7-xPS6-xClx (x ¼ 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9) are 
systematically investigated to obtain pure lithium argyrodite phase with high ionic conductivity. AC impedance 
spectroscopy and 7Li spin-lattice relaxation NMR are utilized to show the enhancement of lithium ion conduc
tivity caused by the incorporation of Cl. Ab initio molecular dynamics (AIMD) simulations proved that the 
introduction of Cl can effectively decrease the energy barriers for lithium ion migration in both short and long 
diffusion length scales. All-solid-state lithium batteries using LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 cathode and 
Li5.7PS4.7Cl1.3 solid electrolyte display high discharge capacities and excellent cycling performances at relatively 
high current densities. EIS and galvanostatic intermittent titration technique (GITT) further confirm that the 
improved electrochemical performance can be attributed to the mitigation of voltage polarization and reduction 
of the interfacial resistance between the cathode and solid electrolyte.   

1. Introduction 

All-solid-state lithium batteries have attracted significant attention 
due to their potential to achieve higher energy and power densities 
compared to convention liquid-based Li ion batteries [1–4]. In order to 
achieve all-solid-state batteries with good electrochemical performance, 
solid electrolytes with high ionic conductivity are needed [5]. Intensive 
efforts have been invested to towards the exploration of high perfor
mance solid-state lithium ion conductors over the past decades [6–10]. 
Several families of solid electrolytes including LISICON-like [7,8], 
lithium garnet [11], lithium nitride [12,13], lithium perovskite [14], 
lithium argyrodite [15], and lithium halide [16,17] have thoroughly 
studied as potential candidates for use as solid electrolytes in solid-state 
batteries [7–9,18]. Among them, lithium argyrodite-type electrolytes 

with lithium ion conductivities in the range of 10� 2 to 10� 3 S/cm at 
room temperature shows great potential due to their low cost and con
ductivity comparable with liquid electrolytes [15]. 

Lithium argyrodite has been reported to be prepared via various 
synthesis routes, delivering a room temperature lithium ion conductivity 
on the order of ~10� 3 S/cm [19–24]. Previous research has shown that 
the halogen distribution over the sulfur sub-lattice has a critical influ
ence on the lithium ion conductivity [25]. Klerk et al. [26] have proven 
that the distribution of the halogen over the 4a and 4c sulfur sites de
termines the jump frequency of all three kinds of lithium ion jumps in 
the lithium argyrodite structure, i.e., doublet (48h–48h), intra-cage, and 
inter-cage, based on the MD simulations results. They predicted that the 
highest lithium ion conductivity for Li6PS5Cl can be obtained when 
three-quarters of the 4c sites (and one-quarter of the 4a sites) are 
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occupied by Cl ions. Later, this prediction was proved by tailoring the 
optimal amount of Br over the 4a and 4c sites close to 1/3, promoting a 
room temperature lithium ion conductivity of Li6PS5Br up to 2.58 �
10� 3 S/cm [21]. Furthermore, they introduced more Cl ions into the 
Li6PS5Cl structure to form Li5PS4Cl2, showing similar lithium ion con
ductivity values, thus revealing that increasing the halogen composition 
does not significantly alter lithium ion conductivity [26]. However, a 
number of questions related to this vacancy design strategy for lithium 
argyrodite remain unclear, including the relationship between the Cl 
amount and the synthesis routes, structure, ionic conductivity, and 
lithium diffusion behavior. 

In this work, detailed synthesis processes for lithium argyrodite 
solid-state electrolytes are studied. The optimal synthesis conditions and 
composition to obtain the highest lithium ion conductivity for Li7-xPS6- 

xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9) using mechanical 
milling followed by annealing are explored. Temperature-dependent 7Li 
spin-lattice relaxation NMR and MD simulations are combined to reveal 
the lithium ionic dynamics of lithium argyrodites. It is found that the 
lithium argyrodite with a composition of Li5.7PS4.7Cl1.3 possesses the 
highest room temperature lithium ion conductivity of 6 � 10� 3 S/cm. 
Finally, all-solid-state batteries with atomic layer deposition (ALD) 
LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 cathode and In anode in combina
tion with Li5.7PS4.7Cl1.3 solid electrolyte are fabricated. EIS and GITT are 
used to further reveal the role of ALD LiNbO3 coating layer. 

2. Experimental 

Reagent-grade Li2S (99.98%, Sigma-Aldrich), P2S5 (99%, Sigma- 
Aldrich), and LiCl (99.0%, Sigma-Aldrich) crystalline powders were 
used as starting materials. The required amount of each starting material 
was calculated based on the composition Li7-xPS6-xClx (x ¼ 1.0, 1.1, 1.2, 
1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9) and then sealed in a ZrO2 jar with 32 ZrO2 
balls (16 φ ¼ 10 mm, 16 φ ¼ 5 mm) in an Argon filled glovebox (H2O, O2 
< 0.1 ppm) due to the oxygen- and moisture-sensitive of the raw ma
terials. The total weight of the starting mixture was almost 3.0 g. The 
details of the mechanical milling process can be found in previous work 
[20,22]. The obtained milled mixture was sealed in quartz tubes and 
annealed at various annealing conditions to obtain different annealed 
samples. Li5.7PS4.7Cl1.3 with the highest ionic conductivity which was 
annealed at 350 �C for 15 h was chosen as the solid electrolyte for the 
all-solid-state batteries in this work. 

Powder XRD patterns were collected over a 2θ range of 10–80� to 
identify the crystalline phases of the different samples using CuKα X-rays 
(λ ¼ 1.54178 Å) on Bruker AXS D8. To prevent reaction with moisture 
and oxygen, the powders were sealed by Kapton foil in an Argon filled 
glove box. The ionic conductivity of the mixture annealed at various 
temperatures was determined by AC impedance spectroscopy. Stainless- 
steel disks and Indium foils were chosen as the blocking electrodes and 
attached on both faces of the 10 mm diameter powder pellet. AC 
impedance measurements were performed on the versatile multichannel 
potentiostat 3/Z (VMP3) in the frequency range of 1 Hz–7 MHz with an 
applied voltage of 0.02 V. 

Solid-state NMR measurements were performed on a Varian Infinity 
Plus wide -bore NMR spectrometer equipped with an Oxford wide-bore 
magnet (Bo ¼ 9.4 T), operating at a 7Li resonance frequency of 155.248 
MHz. The π/2 pulse length was determined to be 2.3 μs. Chemical shifts 
were referenced with respect to a 1.0 M LiCl solution. The lithium 
argyrodites were sealed in custom-made Teflon tubes (φ ¼ 4.7 mm) in an 
argon-filled glovebox (H2O, O2 < 0.1 ppm). Variable temperature 
measurements were performed using a 5 mm static probe. Spectra were 
recorded in the temperature range of 0–120 �C. The spin-lattice relax
ation time T1 was determined at various temperatures using a saturation 
recovery experiment. 

AIMD simulations: We employed a p(1 � 1 � 2) PBE functional 
optimized unit cell with stoichiometric Li6PS5Cl, Li5.5PS4.5Cl1.5, 
Li5PS4Cl2. All atoms were allowed to relax without constraints. The ab 

initio molecular dynamic (AIMD) simulations were performed using the 
CP2K package [27]. All initial geometries that served as input for AIMD 
simulations were fully optimized to a local minimum by means of 
electronic-structure computations performed with CP2K. The 
generalized-gradient approximation in the parameterization of Perdew, 
Burke, and Ernzerhof (PBE) [28] was used to compute the 
exchange-correlation energy. The choice of the PBE functional is justi
fied by its very good performance in describing bulk properties of 
main-group elements [29,30]. The valence electrons (1s25s1 for Li, 
3s23p3 for P, 3s23p4 for S and 3s23p5 for Cl) were described using hybrid 
Gaussian and plane-wave (GPW) basis sets [31], and the cutoff energy of 
800 Rydberg of auxiliary plane wave basis sets was adopted. We 
employed special double-ζ valence plus polarization (DZVP) basis sets 
optimized to minimize basis set superposition errors [32]. Core electrons 
were described with scalar relativistic norm-conserving pseudopoten
tials [33]. Brillouin zone integration was performed with a reciprocal 
space mesh consisting of only the gamma point. In the simulations, we 
used Nose-Hoover thermostat (NVT) to sample from the canonical 
ensemble [34]. The relatively short time scales of AIMD (time step of 1.0 
fs and total time of a simulation run of up to 60 ps) limit the sampling to 
fast and low-energy-barrier events. To rapidly explore a large phase 
space volume of surface configurations, a statistical sampling was per
formed at an elevated temperature of 800 K. All transition states (TSs) 
were determined by applying the nudged elastic band (NEB) method. 

Laboratory-scale solid-state lithium batteries were prepared and 
cycled in this work. The bare LiNi0.8Mn0.1Co0.1O2 was from China 
Automative Battery Research Institute and the LiNbO3-coated 
LiNi0.8Mn0.1Co0.1O2 was prepared by ALD according to our previous 
work [35]. The LiNbO3 was deposited using a Savannah 100 ALD system 
(Veeco/carbon nanotube (CNT) division of the Veeco Instruments Inc.). 
Lithium tert-butoxide [ (CH3)3COLi, Alfa Aesar, >99.9%] and niobium 
ethoxide [Nb(OEt)5, Et ¼ –CH2CH3, Strem Chemicals Inc., >99.9%] 
were used for Li and Nb sources, respectively. Deionized water was used 
as the oxidant for both sub-cycles, and nitrogen was used as the carrier 
and purging gas. The deposition temperature for LiNbO3 was performed 
at 235 �C. All the precursors were pulsed in for 1 s, followed by 15 s of 
nitrogen purge. For the cathode mixture used in solid-state lithium 
batteries, the Li5.7PS4.7Cl1.3 was hand ground with bare LiNi0.8Mn0.1

Co0.1O2 and LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 with a weight ratio of 
30:70 to obtain the final cathode mixtures, respectively. 10–11 mg of the 
above described cathode mixture was used in combination with 100 mg 
of Li5.7PS4.7Cl1.3 electrolyte to make a 10 mm two-layer pellet by 
pressing. A pressure of 5 tons was applied to make the double-layer 
pellet followed by attaching a piece of In foil (φ ¼ 10 mm) on the 
other side. Finally, the full solid-state battery pellet was pressed with 2 
tons of pressure for 15 s. The assembled cell was charged and discharged 
applying various densities (0.255, 0.382, and 0.764 mA/cm2) on LAND 
battery testing station under 1.88–3.78 V versus In (2.50–4.40 V vs. 
Li/Liþ) to evaluate the electrochemical performance. The galvanostatic 
intermittent titration technique (GITT) measurements were performed 
using a current density of 0.127 mA/cm2. The cyclic voltammetry (CV) 
measurements of those solid-state batteries were performed at 
1.88–3.78 V vs. In with a sweep speed of 0.02 mV/s. Both the CV and EIS 
were performed on the versatile multichannel potentiostat 3/Z (VMP3). 
The obtained capacity in this work was normalized by the weight of the 
bare- and LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 in the cathode mixture. 
All the electrochemical measurements for solid-state lithium batteries in 
this work are performed at room temperature. 

3. Results and discussion 

To investigate the optimal synthesis conditions for obtaining 
Li6PS5Cl with the highest lithium ion conductivity, the ball milled 
pristine mixture was annealed at various temperatures (250, 300, 350, 
400, 450, 500, and 550 �C) for 5 h. Fig. 1a shows the room temperature 
lithium ion conductivities of the annealed samples. The conductivity of 
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samples obtained after annealing at different temperatures are 6.11 �
10� 4 S/cm for 250 �C, 9.37 � 10� 4 S/cm for 300 �C, 9.18 � 10� 4 S/cm 
for 350 �C, 1.12 � 10� 3 S/cm for 400 �C, 1.07 � 10� 3 S/cm for 450 �C, 
9.98 � 10� 4 S/cm for 500 �C, 1.62 � 10� 3 S/cm for 550 �C, and 8.58 �
10� 4 S/cm for 600 �C, respectively. The sample annealed at 550 �C 
shows the highest lithium ion conductivity. Moreover, the conductivities 
of the corresponding annealed samples shown in Fig. 1b also prove that 
550 �C is the optimal annealing temperature when the heat treatment 
duration is fixed to 5 h. The annealed samples display much higher 
lithium ion conductivity than that of the mechanical milled mixture, 
showing that heat treatment is an effective route to improve the con
ductivity of lithium argyrodite. The corresponding activation energies 
deduced from the Arrhenius plot are 0.321 for 250 �C, 0.297 for 300 �C, 
0.356 for 350 �C, 0.32 for 400 �C, 0.329 for 450 �C, 0.357 for 500 �C, and 
0.296 for 550 �C, respectively. The high lithium ion conductivity of the 
maximum annealing temperature may be associated with the lowest 
activation energy. Rao et al. [36] have found that in order to reach a 
room temperature conductivity of 1 mS/cm and low activation energy of 
0.16 eV, Li6PS5Cl had to be heat-treated with a minimum temperature of 
250 �C. The differences may come from the mechanical milling process. 
To explore the influence of annealing duration, the milled mixture was 
annealed at 550 �C for time periods of 3, 5, 8, and 10 h. As shown in 
Fig. 1c, the samples annealed for 8 h shows slightly higher lithium ion 
conductivties than that of samples annealed for different durations. In 
the inset of Fig. 1c, the room temperature lithium ion conductivity are 
1.39 � 10� 3 S/cm for 3 h, 1.62 � 10� 3 S/cm for 5 h, 1.81 � 10� 3 S/cm 
for 8 h, and 1.59 � 10� 3 S/cm for 10 h, respectively. It should be noted 
that the sample annealed for 5 h shows the smallest activation energy, 

which is not in good agreement with the changes in ionic conductivity. 
Previous research has shown that impedance spectroscopy results are 
highly dependent on the contacts between pellet and the blocking 
electrode [19]. To achieve good contact between the pellet and the 
blocking electrode, indium was chosen due to its inherent softness. For 
comparison, stainless steel was also used as the blocking electrode with 
the same Li6PS5Cl (550 �C/8 h) material. As shown in Fig. 1c, the pellet 
using indium as the blocking electrode shows much higher lithium ion 
conductivity at various temperatures compared to that of stainless steel, 
suggesting that indium is a better blocking electrode for lithium argyr
odite, which is also confirmed by the room temperature comparison in 
the inset of Fig. 1c. 

MD simulations results have proved that introducing halogens into 
the argyrodite structure, which are distributed over the 4a and 4c sites, 
can effectively enhance the lithium ion conductivity [26]. Hereby, Cl 
was introduced into the Li6PS5Cl structure to get Li5.5PS4.5Cl1.5 with 
higher lithium ion conductivity. Fig. 1a shows the room temperature 
conductivity changes of annealed pristine mixtures which milled based 
on Li5.5PS4.5Cl1.5. XRD patterns show that this material is a pure lithium 
argyrodite phase with a space group of F-43 m. The room temperature 
conductivities are 2.96 � 10� 4 S/cm for 150 �C, 8.03 � 10� 4 S/cm for 
200 �C, 1.47 � 10� 4 S/cm for 250 �C, 2.05 � 10� 3 S/cm for 300 �C, 3.07 
� 10� 3 S/cm for 350 �C, 2.17 � 10� 3 S/cm for 400 �C, 1.35 � 10� 3 S/cm 
for 500 �C, and 1.55 � 10� 3 S/cm for 550 �C, respectively. The highest 
lithium ion conductivity was achieved when annealed at 350 �C for 5 h. 
This ionic conductivity is much higher than Li6PS5Cl, suggesting that 
introducing Cl is an effective way to enhance lithium ion conductivity in 
lithium argyrodite. Moreover, the Arrhenius plots in Fig. 1d also proved 

Fig. 1. (a) Room temperature Li-ion conductivity of Li6PS5Cl and Li5.5PS4.5Cl1.5 annealed at various temperatures. (b) The Arrhenius plots of the Li6PS5Cl ball-milled 
mixture annealed at different temperatures for 5 h. The inset shows the corresponding activation energy changes as a function of annealing temperatures. (c) The 
Arrhenius plots of Li6PS5Cl ball-milled precursor mixture annealed at 550 �C for various durations (3, 5, 8, and 10 h) using Stainless steel and indium foil as the 
blocking electrode, respectively. The inset figure is the room temperature lithium ion conductivities changes of Li6PS5Cl annealed at various durations. (d) The 
Arrhenius plots of Li5.5PS4.5Cl1.5 annealed at various temperatures for 5 h using stainless steel as the lithium ion blocking electrode. The inset shows the activation 
energy changes. (e) The Arrhenius plots of Li5.5PS4.5Cl1.5 annealed at 350 �C for various durations: 3, 5, 10, 15, and 18 h. The inset shows the room temperature 
lithium ion conductivity changes. 
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that Li5.5PS4.5Cl1.5 annealed at 350 �C shows higher lithium ion con
ductivity at various temperatures than that of other heat-treated tem
peratures. Fig. 1e shows the room temperature conductivity for 
Li5.5PS4.5Cl1.5 annealed at 350 �C for various durations (3, 5, 10, 15, 18 
h). The corresponding lithium ion conductivity are 3.68 � 10� 3 S/cm for 
3 h, 3.46 � 10� 3 S/cm for 5 h, 3.84 � 10� 3 S/cm for 10 h, 6.41 � 10� 3 

S/cm for 15 h, and 2.76 � 10� 3 S/cm for 18 h, respectively. The cor
responding activation energies deduced from the Arrhenius plots, are 
0.272 eV for 3 h, 0.248 eV for 5 h, 0.273 eV for 10 h, 0.261 eV for 15 h, 
and 0.273 for 18 h, respectively. The activation energies of 
Li5.5PS4.5Cl1.5 annealed at 350 �C show smaller values than that of 
Li6PS5Cl, which is due to a large number of Li vacancies caused by Cl 
doping. The introducing Cl in the structure provides many Li vacancies 
distributed among the framework. The electrostatic force between Li–Li 
interaction in Li5.5PS4.5Cl1.5 decreases due to the exist of Li vacancies. 
Fast lithium ion conduction can be achieved for Li5.5PS4.5Cl1.5 by hop
ping the mobile lithium ions though these introduced lithium vacancies 
on the equivalent (or nearly equivalent) sites, yielding a ultrafast lithium 
ion diffusion and smaller energy barrier [7]. This is in good agreement 
with the simulated predictions [26]. Another possible reason may 
associated with the disorder of S/Cl over the 4a and 4c sites after the 
introduction of Cl in Li6PS5Cl. The limiting jump rate in Li6PS5Cl is the 
doublet or inter-cage jumps, which depends on the Cl ordering over 4a 
and 4c sites [1,21,26]. However, due to the similar X-ray scatter factor of 
Cl and S, it is impossible to detect S/Cl disorder by XRD, power neutron 
diffraction is needed. 

Fig. 2a shows the Arrhenius plots of pristine and annealed Li6PS5Cl 

and Li5.5PS4.5Cl1.5 using stainless steel and indium as the blocking 
electrode, respectively. The milled Li6PS5Cl shows higher lithium ionic 
conductivities than Li5.5PS4.5Cl1.5 at different temperatures. Previous 
research has shown that the pure lithium argyrodite phase can be 
formed during the high-energy mechanical milling process [20,22]. 
However, this process is highly dependent on the milling apparatus and 
the total weight ration of balls and starting materials. In this work, due 
to the apparatus limitation, pure lithium argyrodite cannot be synthe
sized by direct mechanical milling. For the milling mixture of 
Li5.5PS4.5Cl1.5, additional LiCl was introduced and caused lower lithium 
ion conductivity. As shown by the data of annealed samples in Fig. 2a, 
Li5.5PS4.5Cl1.5 shows higher lithium ion conductivity than Li6PS5Cl using 
both stainless steel and indium as blocking electrodes, suggesting that 
superionic ionic conductivity can be achieved by introducing Cl to tailor 
S/Cl disorder in the structure. Additionally, the activation energy 
deduced from temperature-dependent ionic conductivity measurements 
is decreased by introducing Cl in the structure. Unlike AC impedance 
which is highly influenced by the pellet morphology and contacts with 
blocking electrode, solid-state NMR is a powerful tool to probe the 
lithium mobility in a short diffusion length [1,2,21]. To double clarify 
the lithium jump rates of Li6PS5Cl and Li5.5PS4.5Cl1.5, 7Li spin-lattice 
relaxation (SLR) rates as a function of temperatures were performed 
on both samples, as shown in Fig. 2b. The β values of Li6PS5Cl and 
Li5.5PS4.5Cl1.5 are 1.45 and 1.67, which are similar to what was observed 
for lithium argyrodite [1,2,19,20,37,38], suggesting a 3D diffusion 
process for lithium ions in our samples. At extremely low temperatures, 
the longitudinal relaxation is primarily induced by lattice vibrations or 

Fig. 2. (a) The Arrhenius plots of ball milled Li6PS5Cl and Li5.5PS4.5Cl1.5 (550 rpm/16 h), annealed (550 �C/8 h) and Li5.5PS4.5Cl1.5 (350 �C/15 h) using indium as the 
blocking electrode. (b) Temperature-dependent 7Li spin-lattice relaxation (SLR) NMR rates for annealed Li6PS5Cl and Li5.5PS4.5Cl1.5 samples measured in the lab
oratory frame of the reference. The Larmor frequency is 155.248 MHz. Crystal structure of Li6PS5Cl (c) and Li5.5PS4.5Cl1.5 (d). (e) The energy barrier for lithium ion 
migration in Li6PS5Cl (up) and Li5.5PS4.5Cl1.5 (down) from ab initio molecular dynamics (AIMD) simulations. 
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coupling of the Li spins (I ¼ 3/2) with paramagnetic impurities [39], 
while in this work the SLR rates have not been probed at such 
low-temperature flank due to the experimental limitation. At 
high-temperature flank, the range we chose in this work, the spin-lattice 
relaxation rates intensely increase with temperature until characteristic 
diffusion-induced SLR rates peaks appear for both Li6PS5Cl and 
Li5.5PS4.5Cl1.5 as shown in Fig. 2b. This confirms that the spin-lattice 
relaxation behavior in both samples are induced by Li self-diffusion in 
the temperature range [39]. The lithium ion jumps frequency and the 
corresponding energy barrier can be quantified form the temperature 
dependence of 7Li SLR rates in the laboratory frame (the Larmor fre
quency). The hopping frequency is given by τ� 1, where τ is the average 
residence time between the subsequent jumps. When the hopping fre
quency is in the order of the Larmor frequency (ωo), 1/T1 reaches the 
maximum as s function of temperature, indicating the maximum 
transfer of energy toward the Li-ion nuclear spin. When the maximum 
relaxation rate (1/T1) reaches, an absolute lithium jump rate can be 
calculated based on the maximum condition τ⋅ωo � 1 [1,19]. Since 
Li6PS5Cl and Li5.5PS4.5Cl1.5 were probed with the same Larmor fre
quency (155.248 MHz), they should have the same lithium diffusion 
coefficient based on the assumption that the diffusion length is the same. 
As shown in Fig. 2b, the maximum SLR rate is reached at 328 K for 
Li6PS5Cl and at 320 K for Li5.5PS4.5Cl1.5, respectively. Li5.5PS4.5Cl1.5 
displays the same lithium jump rate at a lower temperature compared to 
Li6PS5Cl, suggesting that Li5.5PS4.5Cl1.5 has a faster lithium mobility 
than that of Li6PS5Cl. The residence time τ show typical Arrhenius 
behavior, thus the slopes of the low- and high-temperature flank of the 
SLR rate can be used to deduce the activation energies for short- and 
long-range lithium ion diffusional processes in lithium argyrodite, 
respectively [1,19,20,37]. The activation energies deduced from the 
high- and low-temperature flanks of Li6PS5Cl are 0.132 and 0.060 eV, 
while the corresponding values of Li5.5PS4.5Cl1.5 are 0.162 and 0.109 eV, 
respectively. Fig. 2(c) and (d) show the energy barrier for lithium ion 
migration in Li6PS5Cl and Li5.5PS4.5Cl1.5 based on the AIMD simulations 

results. The energy barriers for lithium ions migration from the 48h site 
to the nearest neighbor 48h site in the Li6S group for Li6PS5Cl and 
Li5.5PS4.5Cl1.5 are 0.24 and 0.19 eV, while the corresponding energy 
barriers for lithium ions move from one Li6S group to the nearest 
neighbor Li6S are much larger, 0.37 and 0.31 eV Li5.5PS4.5Cl1.5 shows 
small energy barriers values than that of Li6PS5Cl in both short or long 
diffusion length scales. The AIMD simulations results show that intro
ducing Cl in the PS4 group can effectively decrease the energy barrier for 
lithium ion migration, thus promoting lithium ion diffusion in 
Li5.5PS4.5Cl1.5. However, these values are slightly larger than the acti
vation energies deduced from the high-temperature flanks. That is 
because the high complexity of the lithium diffusion process makes an 
underestimation of the activation energy for the bulk diffusion from SLR 
NMR results. 

Since introducing Cl in the Li6PS5Cl to form Li5.5PS4.5Cl1.5 is an 
effective route to promote lithium ion conductivity, Li7-xPS6-xClx (x ¼
1.1, 1,2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9) was systematically inves
tigated. Two annealing temperatures, 350 and 500 �C were chosen and 
the annealing duration was fixed to 15 h to prepare the lithium argyr
odites. Fig. 3a shows the XRD patterns for mixtures with different 
composition prepared by mechanically milling of Li2S, P2S5, and LiCl 
powder at 550 rpm for 16 h, and then annealed at 350 �C for 15 h. XRD 
patterns show that the major diffraction reflections belong to lithium 
argyrodite were detected for low Cl amount samples, Li7-xPS6-xClx (x ¼
1.1, 1,2, 1.3, 1.4, 1.5, 1.6), suggesting that pure lithium argyrodite can 
be synthesized at low annealing temperature when a low amount of Cl 
was introduced in Li6PS5Cl structure. Meanwhile, very weak lithium 
argyrodite diffraction peaks were observed in the patterns of samples 
with high Cl content (Li7-xPS6-xClx (x ¼ 1.1, 1,2, 1.3, 1.4, 1.5, 1.6)), 
showing that an annealing temperature of 350 �C is not high enough to 
get pure lithium argyrodite. Therefore, the annealing temperature was 
increased to 500 �C and the annealing time was fixed to 15 h. Fig. 3b 
displays the XRD patterns of the mixtures with different compositions 
annealed at 500 �C for 10 h. All of the major diffraction peaks of the 

Fig. 3. XRD patterns of the Li7-xPS6-xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8) ball milled pristine precursor mixture annealed at (a) 350 �C and (b) 500 �C for 15 h. 
(c) Room temperature lithium ion conductivity of Li7-xPS6-xClx (x ¼ 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9) annealed at 350 and 500 �C for 15 h. (d, e) The 
corresponding Arrhenius plots of different lithium argyrodites annealed at different temperatures. (f) The activation energy changes of Li7-xPS6-xClx (x ¼ 1.0, 1.1, 1.2, 
1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9) annealed at 350 and 500 �C for 15 h. 
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patterns for Li7-xPS6-xClx (x ¼ 1.1, 1,2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8) can be 
indexed to the Li6PS5Cl crystal structure, although several weak addi
tional reflections are still visible for Li7-xPS6-xClx (x ¼ 1.4, 1.5, 1.6, 1.7, 
1.8) at 2θ ¼ 29�, 35� and 51�, which belongs to the diffraction peaks of 
the starting material LiCl. Fig. 3c shows room temperature lithium ionic 
conductivities of Li7-xPS6-xClx (x ¼ 1.0, 1.1, 1,2, 1.3, 1.4, 1.5, 1.6, 1.7, 
1.8, 1.9) annealed at 350 and 500 �C for 15 h. When an annealing 
temperature of 350 �C was chosen, the room temperature lithium ionic 
conductivities for these different compositions were found to be 9.17 �
10� 4 S/cm for Li6PS5Cl, 3.73 � 10� 3 S/cm for Li5.9PS4.9Cl1.1, 3.58 �
10� 3 S/cm for Li5.8PS4.8Cl1.2, 6.41 � 10� 3 S/cm for Li5.7PS4.7Cl1.3, 5.28 
� 10� 3 S/cm for Li5.6PS4.6Cl1.4, 3.84 � 10� 3 S/cm for Li5.5PS4.5Cl1.5, 
4.81 � 10� 3 S/cm for Li5.4PS4.4Cl1.6, 4.01 � 10� 4 S/cm for 
Li5.3PS4.3Cl1.7, 7.02 � 10� 5 S/cm for Li5.2PS4.2Cl1.8, and 5.75 � 10� 6 S/ 
cm for Li5.1PS4.1Cl1.9, respectively. The composition Li5.7PS4.7Cl1.3 dis
played a much higher room temperature lithium ion conductivity than 
that of other compositions. When the annealing temperature was 
increased to 500 �C, the corresponding room temperature lithium ionic 
conductivities are 1.03 � 10� 3 S/cm for Li6PS5Cl, 2.32 � 10� 3 S/cm for 
Li5.9PS4.9Cl1.1, 3.06 � 10� 3 S/cm for Li5.8PS4.8Cl1.2, 4.04 � 10� 3 S/cm 
for Li5.7PS4.7Cl1.3, 3.06 � 10� 3 S/cm for Li5.6PS4.6Cl1.4, 1.11 � 10� 3 S/ 
cm for Li5.5PS4.5Cl1.5, 3.23 � 10� 3 S/cm for Li5.4PS4.4Cl1.6, 1.76 � 10� 3 

S/cm for Li5.3PS4.3Cl1.7, 1.37 � 10� 3 S/cm for Li5.2PS4.2Cl1.8, and 6.13 �
10� 4 S/cm for Li5.1PS4.1Cl1.9, respectively. At higher annealing tem
perature (500 �C), Li6PS5Cl, Li5.3PS4.3Cl1.7, Li5.2PS4.2Cl1.8, and 
Li5.1PS4.1Cl1.9 show enhanced lithium ionic conductivities compared to 
that of samples annealed at lower annealing temperature (350 �C). It can 
be concluded that introducing Cl in the structure can not only promoting 
the ionic conductivity but also can decrease the annealing temperature 
reqquired to obtain pure lithium argyrodite for Li6PS5Cl. However, the 
introduction of too much Cl into the structure will decrease lithium ion 
conductivity due to the existence of LiCl in the annealed sample which 
will impede lithium ion conduction. The temperature-dependent con
ductivities of Li7-xPS6-xClx (x ¼ 1.0, 1.1, 1,2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 
1.9) annealed at 350 and 500 �C are shown in Fig. 3d and e. At 350 �C, 
Li7-xPS6-xClx (x ¼ 1.1, 1,2, 1.3, 1.4, 1.5, 1.6) show much higher lithium 
ionic conductivities at different measuring temperatures than that of 
Li6PS5Cl, while Li7-xPS6-xClx (x ¼ 1.7, 1.8, 1.9) display lower values, 
which is in good agreement with the lithium ionic conductivities 
changes at room temperature for different compositions. At the higher 
annealing temperature (500 �C), introducing of Cl in the structure can 
improve the lithium ion conductivity at various temperatures for most 
compositions except for Li5.1PS4.1Cl1.9. The activation energies deduced 

from the temperature-dependent impedance spectroscopy for Li7-xPS6- 

xClx (x ¼ 1.0, 1.1, 1,2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9) annealed at 350 
and 500 �C are shown in Fig. 3f. For Li5.7PS4.7Cl1.3, Li5.6PS4.6Cl1.4, 
Li5.5PS4.5Cl1.5, and Li5.4PS4.4Cl1.6, the lower annealing temperature 
(350 �C) yielded smaller activation energies than that at higher 
annealing temperature (500 �C), which may be associated with higher 
lithium ion conductivities. While for high Cl doping amount, 
Li5.3PS4.3Cl1.7 and Li5.2PS4.4Cl1.8 show smaller activation energies values 
when the annealing temperature was 500 �C, which is in good agree
ment with the conductivity changes. 

To further confirm the optimal composition with the highest lithium 
ion conductivity among Li7-xPS6-xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.6, and 1.7), 
temperature-dependent 7Li SLR NMR were performed to quantify the 
bulk diffusion behavior. As shown in Fig. 4(a) for the SLR rate curves of 
Li7-xPS6-xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.6, and 1.7), the maxima were 
achieved for each of the relaxation curves in the measured temperature 
range in this work and the corresponding temperatures are plotted and 
shown in Fig. 4(b). The β values for each curve were calculated based on 
the activation energies deduced from the low- and high-temperature 
flanks. As shown in Fig. 4(b), the β values are in the range between 1 
and 2, indicating that the underlying hopping correlation function is 
represented by a non-exponential rather than an exponential function 
[40]. Li5.7PS4.7Cl1.3 shows the lowest temperature corresponding to the 
maxima, suggesting the highest lithium diffusion in the bulk among all 
of these various compositions [1,19,20,37]. Previous research has 
shown that the activation energy deduced from the high-temperature 
flank is representative for the “bulk” or long-range Li-ion diffusion in 
the structure [1,38]. The corresponding activation energies here are 
0.174 eV for Li5.9PS4.9Cl1.1, 0.138 eV for Li5.8PS4.8Cl1.2, 0.182 eV for 
Li5.7PS4.7Cl1.3, 0.147 eV for Li5.6PS4.6Cl1.4, 0.145 eV for Li5.4PS4.4Cl1.6, 
and 0.134 eV for Li5.3PS4.3Cl1.7, respectively. However, as shown in 
Fig. 3(f), the activation energies deduced from the 
temperature-dependent impedance spectroscopy are 0.331 eV for 
Li5.9PS4.9Cl1.1, 0.348 eV for Li5.8PS4.8Cl1.2, 0.305 eV for Li5.7PS4.7Cl1.3, 
0.297 eV for Li5.6PS4.6Cl1.4, 0.265 eV for Li5.4PS4.4Cl1.6, and 0.367 eV for 
Li5.3PS4.3Cl1.7, respectively. All of these activation energies obtained 
from the slope of high-temperature flanks for different compositions are 
lower than that obtained from the temperature-dependent impedance. 
This result is because the energy barrier obtained from AC impedance 
spectroscopy reflects the contribution from both the bulk and the grain 
boundaries parts, while NMR probes a much short diffusion length 
scales, such as the back-and-forth jumps and/or intracage jumps in 
lithium argyrodites [1,37,41]. Another thing that should be noted is that 

Fig. 4. (a) 7Li spin-lattice relaxation rates of Li7-xPS6-xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.6, and 1.7) annealed at 350 �C for 10 h as a function of reciprocal temperatures 
measured at the same field strengths (9.4 T). (b) The corresponding value of Tmax and β obtained from the temperature dependent 7Li SLR rates plot. (c) The 
corresponding activation energies of different lithium argyrodites obtained from the high- and low-temperature flank by an Arrhenius fit, which represent the long- 
and short-range diffusion processes, respectively. 
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Li5.8PS4.8Cl1.2 and Li5.3PS4.3Cl1.7 similarly show smaller activation en
ergies from the high-temperature flank compared to other compositions, 
while the lithium ionic conductivities of which are quite small among 
these compositions. Conversely, Li5.7PS4.7Cl1.3 with the highest lithium 
ion conductivity shows the largest activation energies from the 
high-temperature SLR flank. A similar situation is also observed when 
looking at the changes in activation energies obtained from impedance 
spectroscopy. The macroscopic diffusion of lithium ion lithium argyr
odite needs the combination of these three kinds of jumps, i.e., the 
48h–48h jump, the intra-cage jump, and the inter-cage jump [1]. The 
high complexity of lithium diffusion process in lithium argyrodite 
structure may lead to a broadening of the hopping induced spectral 
density, thus yielded an underestimation of the activation energy to bulk 
diffusion as derived from the high-temperature flank of SLR NMR [37]. 
That is to say, for Li7-xPS6-xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.6, 1.7, 1.8, and 
1.9), the activation energies deduced from temperature-dependent AC 
impedance and SLR NMR are not the only parameter to estimate the 
lithium ion conductivity. 

Previous research has proven that a decomposition effect occurs at 
the interface of the sulfide-based solid electrolyte and carbon additive 
[21,42,43], where the side products of which would restrict the con
duction of electron and/or lithium ions in the cathode composite. To 
avoid the side reaction between the solid electrolyte and carbon 

interface in the cathode, a special cathode composite without carbon 
was designed and applied in solid-state lithium batteries. The cathode 
composite was made by hand grounding Li5.7PS4.7Cl1.3 (or Li6PS5Cl) and 
the active materials with a weight ratio of 30/70. The assembled 
all-solid-state lithium batteries were cycled at various current densities 
(0.255, 0.382, and 0.764 mA/cm2) between 1.88 and 3.78 V versus In 
(2.50–4.40 V vs. Li/Liþ), the results of which are shown in Fig. 5(a–f). 
The initial charge capacities for solid-state lithium batteries using bare 
LiNi0.8Mn0.1Co0.1O2 as active material cycled at 200, 300, and 600 μA, 
corresponding to the current density of 0.255, 0.382, and 0.764 
mA/cm2, respectively, are 140.0, 115.8, and 104 mAh/g. The initial 
Coulombic efficiencies are 66.63%, 62.71%, and 63.08%. The low 
Coulombic efficiencies may be associated with the In anode. After the 
deinsertion of lithium ions from the cathode layer material, part of these 
lithium ions is inserted in the anode material to form lithium indium 
alloy compounds. LiNbO3 is an effective buffer layer to reduce the 
interfacial resistance and improve the electrochemical performances of 
cathode materials [44,45]. After coating the LiNi0.8Mn0.1Co0.1O2 with 
LiNbO3 using ALD, the initial discharge capacity at the same current 
densities are 140.8, 121.3, and 95.4 mAh/g, with the corresponding 
Coulombic efficiencies of 65.12%, 61.03%, and 66.98%, respectively. It 
is interesting to note that the LiNbO3-coating has a negligible effect on 
the initial discharge capacity and the initial Coulombic efficiency. 

Fig. 5. Galvanostatic voltage curves for the first three cycles of the solid-state Li batteries using bare LiNi0.8Mn0.1Co0.1O2 and LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 as 
cathode materials in combination with Li5.7PS4.7Cl1.3 solid electrolyte and In anode at different charge/discharge currents: (a) 200 μA, (b) 300 μA, (c) 600 μA 
between 1.88 and 3.78 V vs. In (2.5–4.4 V vs. Li/Liþ). The solid and dashed/dotted lines represent solid-state batteries using bare and LiNbO3-coated 
LiNi0.8Mn0.1Co0.1O2 cathode materials, respectively. The corresponding capacity retention and Coulombic efficiency changes during the first 100 cycles (d, e, f). (g) 
GITT curves of solid-state lithium batteries using bare LiNi0.8Mn0.1Co0.1O2 (blue line) and LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 (red line) as cathode materials in the 
first three cycles at a rate of 0.1C. The corresponding polarization plots obtained by GITT during the charge (h) and discharge processes (i). 
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However, after two cycles, the discharge capacities of the LiNbO3-coated 
battery are 135.9, 121.7, and 94.7 mAh/g, which are higher than the 
bare LiNi0.8Mn0.1Co0.1O2 battery (131.8, 101.7, and 83.8 mAh/g, 
respectively). For comparison, the initial charge and discharge capac
ities for the LiNbO3-coated battery using Li6PS5Cl as solid electrolyte 
and In foil as anode cycled under 200 μA at the same charge/discharge 
voltage window are 147.7 and 96.0 mAh/g with an initial coulombic 
efficiency of 64.96%, as shown in Fig. S1(a). Both the initial charge/
discharge capacities and the corresponding coulombic efficiency are 
smaller than that of solid-state battery using Li5.7PS4.7Cl1.3 as solid 
electrolyte, which are due to the higher lithium ion conductivity of 
Li5.7PS4.7Cl1.3 solid electrolyte. Fig. 5(d–f) show the capacity retention 
during the first 100 cycles at various current densities of solid-state 
batteries using Li5.7PS4.7Cl1.3 as solid electrolytes. After 100 cycles, 
the bare LiNi0.8Mn0.1Co0.1O2 cathode shows a discharge capacity of 
61.8, 13.5, and 15.3 mAh/g, with a corresponding capacity retention of 
44.0%, 11.7%, and 14.7%, respectively. Whereas, LiNbO3-coated cath
ode displays a discharge capacity of 83.4, 80.6, and 74.7 mAh/g, and a 
Coulombic efficiency of 59.23%, 66.6%, 78.3%. As shown in Fig. 5(d–f), 
LiNbO3-coated cathode shows much better cyclability and capacity 
properties at higher current density (0.382 and 0.764 mA/cm2) than 
that at low current density (0.255 mA/cm2). Moreover, as shown in 
Fig. S1(b), the discharge capacity of LiNbO3-coated cathode combined 
with Li6PS5Cl electrolyte after 100 cycles is 61.4 mAh/g, which is much 

smaller than the value of solid-state battery using LiNbO3-coated cath
ode and Li5.7PS4.7Cl1.3 electrolytes. Previous research has shown that the 
bare LiNi0.8Mn0.1Co0.1O2 cathode suffers from a severe polarization ef
fect during cycling, which can be mitigated after LiNbO3 coating [45]. 
To clarify the effect of the LiNbO3 coating, the galvanostatic intermittent 
titration technique (GITT) was employed to probe the polarization 
during the first three cycling processes. The transient charge/discharge 
voltage curves and the polarization for solid-state batteries using bare 
LiNi0.8Mn0.1Co0.1O2 cathode and LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 
cathode LiNi0.8Mn0.1Co0.1O2 cathode as active materials are shown in 
Fig. 5(g–i). The bare LiNi0.8Mn0.1Co0.1O2 cathode shows much higher 
polarization during the first three cycles compared to that of the LiN
bO3-coated LiNi0.8Mn0.1Co0.1O2 cathode, as shown in Fig. 5(h and i). 
Our GITT results proved that the polarization of LiNi0.8Mn0.1Co0.1O2 
cathode can be greatly reduced by coating with LiNbO3, yielding 
enhanced cycling performances. To investigate the interfacial resistance 
changes, EIS of solid-state batteries using the bare LiNi0.8Mn0.1Co0.1O2 
cathode and the LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 cathode were per
formed before and after 100 cycles under various current densities, the 
results of which are shown in Fig. 6. It appears that all of these imped
ance plots of fresh cells for both the bare LiNi0.8Mn0.1Co0.1O2 cathode 
and the LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 cathode contains an arc at 
the high frequencies and a sharp line at the lower frequencies. The 
intersection of the arc with the Z’ axis represents the resistance of the 

Fig. 6. The electrochemical impedance spectra of the solid-state lithium batteries using bare LiNi0.8Mn0.1Co0.1O2 (a, b, c) and LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 (d, 
e, f) before and after 100 cycles under different charge/discharge current densities (200, 300, and 600 μA) at room temperature. The open squares and the open 
circles represent the fresh battery and the solid-state batteries after 100 cycles, respectively. The solid lines represent the fitting results. 
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solid electrolyte layer in the battery, while the arc part reflects the 
resistance between the active material and the lithium argyrodite solid 
electrolyte in the cathode mixture. After 100 cycles, all of these 
impedance plots consist of a tiny arc at the high frequencies, a semicircle 
at the middle frequencies, and a tail in the low frequencies. For the bare 
LiNi0.8Mn0.1Co0.1O2 electrode, the arc and the semicircle represent the 
resistance between the side reaction layer [2] and the active 
LiNi0.8Mn0.1Co0.1O2 and the resistance between the side reaction layer 
and the solid electrolyte, respectively. While for the LiNbO3-coated 
LiNi0.8Mn0.1Co0.1O2 electrode, the corresponding parts reflect the 
resistance between the LiNbO3 coating layer and the LiNi0.8Mn0.1

Co0.1O2 inner particle and the resistance between the LiNbO3 coating 
layer and the lithium argyrodite solid electrolyte. As shown in Fig. 6a-f, 
the resistances of the solid electrolytes change slightly before and after 
100 cycles for both the bare LiNi0.8Mn0.1Co0.1O2 and the LiNbO3-coated 
LiNi0.8Mn0.1Co0.1O2 solid-state batteries, while the resistances between 
the active LiNi0.8Mn0.1Co0.1O2 and lithium argyrodite solid electrolytes 
change obviously. The LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 cathode dis
plays much smaller interfacial resistance between the LiNi0.8Mn0.1

Co0.1O2 particles and the lithium argyrodite solid electrolyte than that of 
the bare LiNi0.8Mn0.1Co0.1O2 cathode at both charge/discharge current 
densities [43–46]. It should be noticed that the interfacial resistance 
between the cathode and solid electrolyte for the solid-state batteries 
using bare LiNi0.8Mn0.1Co0.1O2 cathode decreases with increasing 
charge/discharge current densities. Previous researches have reported 
that side reaction happens between the bare layered structure cathode 
and sulfide electrolytes without the coating layer [45,47]. When the 
solid-state battery was cycled with a lower current density, the cycling 
time lasts much longer than the battery cycled at a larger current den
sity, yielding much worse side reactions. Similar results were also found 
after the LiNbO3 coating in Fig. 6(d–f). This conclusion is also confirmed 
in our ongoing work using lithium sulfide solid electrolyte as the active 
material for solid-state batteries. Therefore, the improved cycling per
formance of the LiNbO3-coated LiNi0.8Mn0.1Co0.1O2 cathode is due to 
the mitigation of polarization and the reduction in the interfacial 
resistance between the cathode and solid electrolyte. 

4. Conclusions 

Lithium ion conductivity of Li6PS5Cl was improved by introducing Cl 
in the structure to increase the lithium vacancy. Among the modified 
lithium argyrodite structures Li7-xPS6-xClx (x ¼ 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 
1.7, 1.8, and 1.9), Li5.7PS4.7Cl1.3 was found to possess the highest lithium 
ion conductivity, up to 6.4 mS/cm at room temperature, and can be 
synthesized at 350 �C for 15 h. Lower annealing temperature is suitable 
for small doping amount of Cl to get pure phases with high lithium ion 
conductivity, while increasing the annealing temperature can promote 
the ionic conductivity of large doping amount of Cl, Li7-xPS6-xClx (x ¼
1.7, 1.8, and 1.9). The lithium mobility of lithium argyrodite can be 
enhanced by Cl doping as demonstrated both by temperature-dependent 
AC impedance and 7Li spin-lattice relaxation measurements. Ab initio 
molecular dynamics (AIMD) simulations results showed that the energy 
barriers for lithium ion migration in both short and long diffusion length 
scales decrease due to the introduction of Cl in the Li6S group. Combined 
with an ALD-coated LiNbO3 on LiNi0.8Mn0.1Co0.1O2 as the cathode and 
indium foil as the anode, Li5.7PS4.7Cl1.3 shows excellent electrochemical 
performance, delivering an initial discharge capacity of 140.8 mAh/g at 
0.255 mA/cm2 and retaining 130.1 mAh/g after 50 cycles. LiNbO3 
coating is an effective route to improve the cyclability of LiNi0.8Mn0.1

Co0.1O2 using lithium argyrodite solid electrolyte at various charge/ 
discharge current densities due to the mitigation polarization and the 
reduced interfacial resistance between the cathode and solid electrolyte. 
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