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Abstract: Li6PS5Cl possesses high ionic conductivity and excellent interfacial stability to electrodes
and is known as a promising solid-state electrolyte material for all-solid-state batteries (ASSBs).
However, the optimal annealing process of Li6PS5Cl has not been studied systematically. Here, a
Box–Behnken design is used to investigate the interactions of the heating rate, annealing temperature,
and duration of annealing process for Li6PS5Cl to optimize the ionic conductivity. The response
surface methodology with regression analysis is employed for simulating the data obtained, and
the optimized parameters are verified in practice. As a consequence, Li6PS5Cl delivers a rather high
conductivity of 4.45 mS/cm at 25 °C, and ASSB consisting of a LiNi0.6Co0.2Mn0.2O2 cathode and
lithium anode shows a high initial discharge capacity of 151.7 mAh/g as well as excellent cycling
performances for more than 350 cycles, highlighting the importance of the design of experiments.

Keywords: all-solid-state batteries; Li6PS5Cl; Box–Behnken design; response surface methodology;
ANOVA

1. Introduction

The rising need for energy and pressing environmental issues have sparked worldwide
attention towards advanced technologies. These technologies include electrified transporta-
tion and smart grids, which aim to efficiently store and utilize clean and renewable energy
sources. Solar energy and its derivatives, such as wind, wave, and geothermal, are at the
forefront of this sustainable energy movement. Secondary energy sources in chemistry,
namely batteries, serve as the most crucial means of accommodating clean energy. They
will play a pivotal role in achieving global carbon neutrality [1].

Contemporary commercial lithium-ion (Li+) batteries commonly employ combustible
organic solvents as the electrolyte solution. Consequently, in order to mitigate the potential
hazards associated with short circuits, it is imperative to incorporate safety mechanisms
capable of restraining temperature elevation or enhancing the structural integrity and
materials. In contrast, all-solid-state batteries (ASSBs) substitute the liquid electrolyte with
a solid counterpart, thereby eliminating the necessity for combustible organic solvents
within the battery system [2]. Additionally, the inclusion and recycling of Li metal, which
possesses one of the lowest equivalent weights, allows for the attainment of minimal
weights for anodes. This characteristic is particularly crucial for energy storage applications
that require low weight per energy unit. However, in liquid electrolyte, the isolation of
active Li masses from each other and from the current collector is a common drawback
in the case of pure lithium deposition. Furthermore, the formation of shorts due to Li
dendrites presents another failure mechanism in rechargeable Li-ion batteries, occasionally
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resulting in battery explosions. In ASSBs, the aforementioned problem is likely to be
solved by the solid physical properties of the solid electrolyte (SSE). As a result, ASSBs
are anticipated to streamline safety measures while exhibiting remarkable performance in
terms of manufacturing expenses and production efficiency [3].

Among various kinds of inorganic solid-state electrolytes (SSEs), sulfide SSEs, espe-
cially the argyrodites Li6PS5Cl, have drawn a lot of attention for their high Li-ion conduc-
tivity, stable PS4

3− tetrahedral structure, compatible interface with oxide-based cathodes,
abundant raw materials, and easy processability, which are critical requirements for the
scalable fabrication of ASSBs [4–6].

Recently, various synthesis approaches of Li6PS5Cl have been reported [7]. Yu et al.
prepared a Li6PS5Cl electrolyte with a conductivity of 1.62 mS/cm by ball milling at
550 rpm for 10 h followed by annealing at 550 °C for 5 h [8]. Zhang et al. prepared
a Li6PS5Cl electrolyte with a high ionic conductivity of 1.8 mS/cm by ball milling at
600 rpm for 24 h followed by annealing at 600 °C at 0.3 °C/min [9]. Zhou et al. prepared a
Li6PS5Cl electrolyte with a high ionic conductivity of 2.4 mS/cm by a solution approach
and a subsequent annealing process under vacuum in a carbon-coated quartz tube [10].
Zhao et al. prepared a Li6PS5Cl electrolyte with a high ionic conductivity of 3.19 mS/cm
by annealing the mixed precursors twice at 550 °C for 12 h [11]. However, from the above
meaningful endeavors, it is noted that the optimal annealing process of Li6PS5Cl has not
been studied systematically.

Design of experiments (DoE) is a systematically statistical tool, widely used in areas
such as product design and process and quality improvement study. Common DoE designs
include full factorial, orthogonal, mixture, Taguchi, and Box–Behnken design (BBD). They
each identify influential factors and some interaction effects, determine all factor–result
interactions, reduce the number of experiments, establish relationships between factors
and results, find optimal factor combinations, and model variables and predict optimal
conditions [12].

In this study, we optimize the ionic conductivity of Li6PS5Cl by investigating the
interactions between the heating rate, annealing temperature, and duration of the anneal-
ing process using the most comprehensive method, i.e., BBD [12]. The response surface
methodology (RSM) was utilized with regression analysis to simulate the obtained data,
and the optimized parameters were validated through experimental testing. The results
demonstrated that Li6PS5Cl exhibited a high conductivity of 4.45 mS/cm at 25 °C, and the
ASSB, which included a cathode of LiNi0.6Co0.2Mn0.2O2 and a lithium (Li) anode, displayed
a high initial discharge capacity of 151.7 mAh/g and excellent cycling performance for
over 350 cycles. These results underscore the significance of the design of experiments in
optimizing the ionic conductivity of Li6PS5Cl SSEs.

2. Materials and Methods
2.1. Materials

Li2S (99.98%), P2S5 (99%), and LiCl (99.0%) were purchased from Sigma-Aldrich
without further purification. LiNi0.6Co0.2Mn0.2O2 (NCM) cathode powder was obtained
from commercial sources. Li foils with a thickness of 80 µm were purchased from China
Energy Lithium Co., Ltd., Tianjin, China It should be noted that the appearance of the Li
foil should be checked to ensure it is intact and free from obvious deformation or damage.
At the same time, the cleanliness of the Li foil surface should be inspected. Use a clean
brush to gently wipe the surface of the Li foil, remove the oxidation layer, and gently
flatten it. All preparation processes were carried out in an argon-filled glove box with
H2O < 0.1 ppm and O2 < 0.1 ppm (Lab Star, Mbraun, Germany) due to the oxygen- and
moisture-sensitive nature of the raw materials.

2.2. Preparation of Li6PS5Cl Precursor

Li2S, P2S5, and LiCl were used as starting materials. Stoichiometric reagents based
on Li6PS5Cl were ball-milled for 1 h at 500 rpm with a planetary ball mill apparatus
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(Retsch PM400). The ball-milling step is crucial in achieving a homogenous distribution
of the starting materials, promoting uniform chemical reactions. A total of 50 g Li6PS5Cl
precursor mixture was prepared in one ball-milling jar for further use in the annealing
process. A total of 50 g Li6PS5Cl precursor mixture was prepared in one ball-milling jar
for further use in the annealing process. The purpose of synthesizing 50 g of precursor at
one time is to increase the reproducibility of subsequent experiments. If the quantity of
precursor is insufficient to meet the BBD experiments in the subsequent calcination process,
it will result in inaccurate analysis of the experimental results.

2.3. Material Characterization

The crystalline phases of various samples were identified by collecting Powder X-ray
Diffraction (XRD) patterns using Cu Kα X-rays (wavelength of 1.5406 Å at 45 kV and
40 mA) on a Bruker AXS D8 Advance diffractometer. In order to avoid any undesired
reactions with moisture and oxygen, the powders were securely sealed within airtight XRD
sample holders inside an argon-filled glove box. The scanning rate was set to 0.1 degree
per minute. The GSAS II suite was utilized for Rietveld refinement. Sequential refinement
was carried out for all phases, i.e., Li6PS5Cl, Li2S, LiCl, incorporating scale factor, zero-
point, background, lattice parameters, phase fraction, fraction coordinates, occupancies,
and thermal parameters. This enabled the determination of the major phase fraction and
impurity fraction.

2.4. Cell Assembly

ASSBs were assembled by the cold pressing method. Initially, a solid electrolyte pellet
was prepared by applying a pressure of 150 MPa to 130 mg of Li6PS5Cl powder. Subse-
quently, a cathode composite powder, weighing approximately 5 mg, was pressed onto
the upper surface of the pellet at a pressure of 150 MPa. Following this, Li foil was affixed
to the opposite side of the pellet as the anode, employing a pressure of 100 MPa. Finally,
the resulting three-layered pellet was subjected to cold pressing at 150 MPa. Throughout
these procedures, a nylon tube with a diameter of 10 mm served as the containment vessel,
while stainless steel rods were employed as the current collectors. The cathode layer is a
mixture of Li6PS5Cl, NCM powder, and vapor-grown carbon fiber in weight ratio of 30:69:1.
No extra stacking pressure was used during cell cycling.

2.5. Electrochemical Measurements

The ionic conductivities (σ) of the electrolytes were determined using the following
formula: σ = L/RS, where L denotes the thickness, S represents the contact area between
the solid-state electrolyte and the blocking electrode, and R signifies the resistance. The re-
sistance of the electrolytes was assessed through electrochemical impedance spectroscopy
(EIS) measurements employing a Solartron 1470E potentiostat electrochemical workstation.
The EIS test was performed over a frequency range of 1 MHz to 10 mHz, with an amplitude
of 10 mV. To serve as the blocking electrodes, carbon-coated aluminum foils were selected
and affixed to both sides of the SSE pellets. A total of 250 mg of SSE powder was accurately
weighed and compacted within a nylon tube (φ10 mm) under a pressure of 360 MPa,
resulting in the formation of a densely packed pellet.

2.6. Response Surface Methodology

The RSM of ionic conductivity of Li6PS5Cl can be calculated by the following equation:
σ = c0 + c1A + c2B + c3C + c12AB + c13AC + c23BC + c11A2 + c22B2 + c33C2, where σ is
the predicted ionic conductivity of Li6PS5Cl by utilizing this model; A, B, and C are the
heating rate, annealing temperature, and duration of the annealing process, respectively.
The constant term is denoted as c0, while the coefficients of the linear terms are represented
by ci (i = 1, 2, 3). The quadratic terms are characterized by the coefficients cij (i and j = 1, 2, 3;
i 6= j), and the interaction factors are described by the coefficients cii (where i = 1, 2, 3) [13].
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3. Results

Figure 1a shows the synthesis process flow diagram of Li6PS5Cl. Li2S, P2S5, and LiCl
were used as raw materials and ball-milled for 1 h at 500 rpm to obtain the Li6PS5Cl
precursor. The mixture was subsequently subjected to the annealing process, following
the BBD methodology illustrated in Figure 1b. This approach entails a combination of
treatments positioned at the midpoint of the test space’s edge and necessitates a minimum
of three factors. The determination of the total number of experiments (N) required for a
BBD design is expressed as N = 2x(x −1) + c, where x represents the number of factors and
c denotes the number of center points. For this particular investigation, three factors, each
with three levels, and a total of five center points were designated, resulting in a total of
17 experiments (6 × 2 + 5). A, B, and C are assigned to the heating rate, annealing tempera-
ture, and duration of the annealing process, respectively. Compared to the conventional
full factorial design in Figure 1c, which has a total number of experiments of 27 (3 × 3 × 3),
the BBD methodology offers a significant reduction in the number of experiments, thereby
enhancing study efficiency and enabling the simultaneous consideration of multiple factors.
Design Expert software (12.0.3.0, Stat-Ease Inc., Minneapolis, MN, USA ) was utilized to
design the experiment and measure the results [14].

Figure 1. (a) The synthesis processes of Li6PS5Cl. (b) Schematic diagram of the BBD. (c) Schematic
diagram of the full factorial design.

The experimental design of BBD is conducted by defining the real levels and coding
levels for every parameter listed in Table 1, which encompasses the heating rate (A),
annealing temperature (B), and annealing duration (C). The low, center, and high levels of
each variable were denoted as −1, 0, and +1, respectively.

Table 1. The factors and levels in BBD for preparing Li6PS5Cl.

Parameters Units Factors
Coded Levels

−1 0 1

Heating rate C/min A 1 2 3
Temperature °C B 540 550 560

Duration min C 180 240 300

After implementing the above experimental design, observed ionic conductivity values
for each experiment were obtained, as presented in Table 2. Then, the statistical data
were analyzed using the RSM method and the predicted ionic conductivity values can
be calculated by the regression equation: σ = 4.262 + 0.0663A + 0.0188B + 0.2225C −
0.1400AB + 0.0625AC− 0.0925BC− 0.2310A2− 0.8610B2− 0.1435C2.
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Table 2. Comparative analysis of predicted and observed values in experimental runs of BBD.

Run
Factor 1 Factor 2 Factor 3 Actual Values Predicted Values

A: Heating rate B: Temperature C: Duration Conductivities Conductivities
°C/min °C min S/cm S/cm

1 −1 0 −1 3.60 3.70
2 0 0 0 4.28 4.26
3 −1 0 1 3.93 3.98
4 0 0 0 4.32 4.26
5 0 0 0 4.18 4.26
6 −1 −1 0 3.02 2.93
7 0 1 −1 3.17 3.13
8 1 1 0 3.04 3.13
9 0 1 1 3.42 3.42

10 1 −1 0 3.32 3.38
11 0 −1 −1 2.91 2.91
12 0 −1 1 3.53 3.57
13 0 0 0 4.22 4.26
14 0 0 −1 3.72 3.67
15 −1 1 0 3.30 3.24
16 1 0 1 4.30 4.35
17 0 0 0 4.31 4.26

The experimental results presented in Figure 2a illustrate the ionic conductivity of
Li6PS5Cl, as well as the predicted ionic conductivity obtained through regression analysis.
It can be observed that all the experimental data align closely with the predicted values,
suggesting that this regression model holds promise in predicting the ionic conductivity
of Li6PS5Cl within the specified ranges of the three factors investigated [15]. However,
it should be noted that the above conclusion only qualitatively indicates that Figure 2a
helps to demonstrate the accuracy of the model, but it cannot determine the correctness of
the accuracy through numerical values. The chart of the Box–Cox power transformation
is shown in Figure 2b, where the optimal Lambda value is 0.03. This value is found by
locating the minimum point of the curve generated by the natural logarithm of the sum of
squared residuals, and its 95% confidence interval is −2.05 to 2.32, which includes 1 [16].
According to the definition of the use case of the Box–Cox power transformation, if the
above situation occurs, the data do not need to undergo the Box–Cox power transformation,
which indicates that the data points are indeed uniformly distributed on the line, thus
proving the reliability of the model [17].

Furthermore, to evaluate the effectiveness of the parameters and the accuracy of the
model, the analysis of variance (ANOVA), which can subdivide the total variation into
some components related to the specific variance sources, is conducted, and the results are
shown in Table 3.

Table 3 demonstrates the quality of the experimental data with the model using R2

(square of correlation coefficient), which is shown to be close to the desired value of 1.0 at
0.9899 [18]. The adjusted R2 value of 0. 0.9768, which is a modified R2 value, demonstrates
agreement with the predicted R2 of 0.8874 and falls within the normal limits [19]. Adeq
Precision measures the signal-to-noise ratio, and the value of 22.3133 confirms an adequate
signal, which is desirable for values greater than 4. Moreover, the model F value of
76.00 and p-value below 0.0001 indicate that the model is highly accurate and reliable,
and there is only a 0.01% chance that an F value of this magnitude will occur due to
the disturbance [20]. A p-value less than 0.0500 indicates that the model parameters are
significant [21]. In this case, the linear effect of coefficients A and C, i.e., the heating rate
(p-value of 0.0477) and duration (p < 0.0001) are significant. Similarly, the interactive effects
of the heating rate–temperature (p-value of 0.0090), and temperature–duration (p-value of
0.0499) are significant. Moreover, the p-values of the quadratic terms, i.e., the heating rate
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(A2) (p-value of 0.0005), temperature (B2) (p < 0.0001), and duration (C2) (p-value of 0.0070)
are significant [21].

Figure 2. (a) The comparison between the actual and predicted ionic conductivity values of Li6PS5Cl.
(b) Box–Cox plot for power transforms.

Table 3. ANOVA results of the ionic conductivity of Li6PS5Cl are conducted for each response.

Source Sum of Squares Degree of Freedom Mean Square F Value p-Value

Model 4.18 9 0.4647 76 <0.0001
A-Heating rate 0.0351 1 0.0351 5.74 0.0477
B-Temperature 0.0028 1 0.0028 0.4599 0.5194

C-Duration 0.396 1 0.396 64.77 <0.0001
AB 0.0784 1 0.0784 12.82 0.009
AC 0.0156 1 0.0156 2.56 0.154
BC 0.0342 1 0.0342 5.6 0.0499
A2 0.2247 1 0.2247 36.74 0.0005
B2 3.12 1 3.12 510.44 <0.0001
C2 0.00867 1 0.0867 14.18 0.007

Residual 0.0428 7 0.0061
Lack of Fit 0.0283 3 0.0094 2.61 0.1886
Pure Error 0.0145 4 0.0036
Cor Total 4.23 16

Quality of fitted to experimental data: R2 = 0.9899, Adjusted R2 = 0.9768, Predicted R2 = 0.8874, Adeq
Precision = 22.3133, CV = 2.12%.

In Figure 3, the contour plot and 3D response surface depict the relationship between
the heating rate, temperature, and duration on the ionic conductivity of Li6PS5Cl. The influ-
ence of these variables on the ionic conductivity is evident in Figure 3a,b. As the annealing
duration and temperature increase, the ionic conductivity initially rises and subsequently
declines. Optimal levels of ionic conductivity are achieved when the annealing duration
ranges from 270 to 300 min and the temperature ranges from 545 to 555 °C. Figure 3c,d
demonstrate that both variables significantly impact the ionic conductivity of Li6PS5Cl.
Specifically, when the heating rate is approximately 2–3 °C/min and the annealing dura-
tion exceeds 300 min, the ionic conductivity reaches high levels. Furthermore, Figure 3e,f
indicate that these two variables also affect the ionic conductivity, with the maximum value
observed at a heating rate of approximately 2–2.5 °C/min and an annealing temperature of
around 550 °C. As a consequence, for the optimization of the annealing process on the ionic
conductivity of Li6PS5Cl, the calculated results are as follows: heating rate of 2.5 °C/min,
annealing temperature of 549 °C, and annealing duration of 312 min. Under the above
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predicted optimum conditions, Li6PS5Cl is prepared via the ball-milling route followed by
the annealing process.

Figure 3. Contour plot and 3D response surface for effect of (a,b) the heating rate and temperature,
(c,d) the heating rate and duration, and (e,f) the heating rate and temperature on the ionic conductivity
of Li6PS5Cl.

Figure 4a shows the Nyquist plots and electronic conductivity test of the optimized
Li6PS5Cl, which delivers an ionic conductivity of 4.45 mS/cm and an electronic conductivity
of 8.60 × 10−5 mS/cm at 25 °C. Note that the Li6PS5Cl synthesized under optimum
conditions exceeds that of the state-of-the-art Li6PS5Cl SSE reported in the recent literature,
highlighting the significance of the BBD design of experiments [4,6,7,9,11,22]. In Figure 4b,
the morphology of Li6PS5Cl particles is irregular, and particles are present where the size
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of the primary particles is one to several micrometers; ref. [12] suggests that the parameters
used during the heat treatment process do not induce anomalous particle growth.

Figure 4. (a) Nyquist plots and electronic conductivity test, and (b) SEM of the Li6PS5Cl synthesized
under the optimum annealing process. Rietveld refinement of XRD data for the pristine precursor
mixture annealed under (c) condition 1 in Table 2 and (d) the optimum condition. (e) Charge–
discharge curves and (f) cyclic performance of the NCM/Li ASSB using the optimized Li6PS5Cl.

To further investigate the higher conductivity led by the optimum condition, XRD
data of the pristine precursor mixture annealed under the condition 1 in Table 2 or the
optimum condition were refined using the Rietveld method implemented in GSAS II [23].
Figure 4c presents the diffraction pattern of the sample annealed under condition 1 in
Table 2, with prominent peaks corresponding to the standard argyrodite phase of cubic
Li7PS6 (PDF34-0688) with a space group of F43m being evident. However, upon closer
examination, it is apparent that at 2θ of 27°, diffraction peaks stemming from the Li2S phases
can be detected, indicating the presence of incomplete reactants [24]. Conversely, Figure 4d
exhibits a diminished presence of reactant peaks from Li2S or LiCl, corresponding to the
higher Li6PS5Cl phase fraction (98.32%) in the optimized sample, which is substantially
greater than that of 91.17% calculated in the mixture annealed under the first condition
listed in Table 2. The optimal experimental conditions lead to a greater amount of fast ion
conducting phases through the BBD experimental design, contributing to the enhancement
of the apparent ionic conductivity of the SSE [8].

Figure 4e illustrates the charge–discharge profiles of NCM/Li ASSBs tested at a current
rate of 0.2 C and a temperature of 25 °C. The active material NCM exhibits a mass loading
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of approximately 5 mg/cm2. The initial discharge capacity registers at 151.7 mAh/g,
accompanied by a Coulombic efficiency of 79.1%. This reduction in efficiency might be
attributed to disconnections at the interface between the electrode and current collector
or temporary discharge polarization resulting from SEI formation [25]. Subsequently,
the discharge capacity gradually diminishes, yielding a reversible discharge capacity of
107.6 mAh/g by the 350th cycle, with a capacity retention of 70.8% (Figure 4f). It is
worth noting that the ASSB demonstrates an average Coulombic efficiency of over 99.5%
throughout the charge/discharge cycling, indicating highly reversible electrode reactions.

4. Conclusions

In summary, we optimize the annealing process parameters of Li6PS5Cl by using a
BBD experimental design. Under the optimum conditions, the ionic conductivity of the
synthesized Li6PS5Cl material surpasses that of the state-of-the-art reports. The perfor-
mance of full cells, utilizing NCM as the cathode material, displayed long-term stability
during cycling, exhibiting a discharge specific capacity of 151.7 mAh/g. Moreover, these
cells demonstrated a good capacity retention of 70.8% over the course of 350 cycles, while
maintaining an average Coulombic efficiency exceeding 99.5%. This research not only
establishes a promising design principle for the development of highly Li-ion-conductive
solid-state electrolytes, but also paves the way for the advancement of next-generation
high-energy ASSBs.
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