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ABSTRACT: Rechargeable solid-state lithium ion batteries
(SSLB) require fast ion conducting solid electrolytes (SEs) to
enable high charge and discharge rates. Li7P3S11 is a
particularly promising lithium solid electrolyte, exhibiting
very high room temperature conductivities of up to 17 mS·
cm−1 and high ductility, allowing fast ion transport through the
bulk and intimate contact to high surface electrodes. Here we
present a novel hot-press setup that facilitates the synthesis of
solid electrolytes by combining in situ electrochemical
impedance spectroscopy (EIS) with simultaneous temper-
ature- and pressure-monitoring. While a high room temper-
ature conductivity in the order of 10 mS·cm−1 is readily
achieved for phase pure Li7P3S11 with this design, it further
enables monitoring of the different steps of crystallization from an amorphous Li2S−P2S5 glass to triclinic Li7P3S11. Nucleation,
crystallization andat temperatures exceeding 280 °Cdecomposition of the material are analyzed in real time, enabling
process optimization. The results are supported ex situ by means of X-ray diffraction, X-ray photoelectron spectroscopy, scanning
electron microscopy and Raman spectroscopy. Proof-of-principle experiments show the promising cycling- and rate capability of
Li0.3In0.7/Li7P3S11/S-composite all-solid-state batteries. It is furthermore presented that discharging below a limit of 1.2 V results
in decomposition of the SE/cathode interface.

1. INTRODUCTION

Within the last years, the “solidification” of batteries, i.e., the
replacement of the separator/liquid electrolyte combination by
a solid electrolyte, has started a new research direction in the
field of lithium ion batteries (LIB). LIBs were enabled by
organic liquid electrolytes (LE) due to their high ionic
conductivity (≈1·10−2 S·cm−1) and relatively wide electro-
chemical stability window.1 High voltage cathode materials
demand an extension of this window. In addition, “next
generation battery systems”, such as Li/S8 and Li/O2, suffer
from crossover of soluble redox components (e.g., superoxide
or polysulfide anions) whose deleterious effects at the negative
electrode are suppressed by application of solid electrolyte (SE)
membranes.2−7 Solid electrolytes are a good alternative to
liquid electrolytes by providing sufficiently fast and single ion
conduction, and suppressing unwanted side reactions8 and
resistive losses throughout ion transfer at the electrode/

electrolyte phase boundaries.9 Nevertheless, only thin film all-
solid-state batteries, comprising thin-film solid electrolytes as
thin-film electrodes, have achieved market relevance so far,
compensating the sluggish charge transfer through the
electrolytes by SE thicknesses of only a few microns. As a SE,
lithium phosphorus oxynitride (“LiPON”)10 with its compara-
bly poor room temperature conductivity of about 10−6 S·cm−1

is used almost exclusively. Due to the low energy storage
capacity of thin film batteries, their applications are limited.
This can be overcome in macroscopic bulk solid-state lithium
batteries (SSLB), which enable considerably higher fractions of
active mass in the electrodes. Nonetheless, abandoning a 2D
SE/electrode interface and a thin film SE leads to new
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challenges for the cell setup. First, practical rate capabilities
require highly conductive solid electrolytes. Second, active
materials with low ionic and electronic conductivities can only
be addressed completely with a considerable fraction of solid
electrolyte and electronically conducting agents (e.g., carbon or
metals) in the electrode. Lastly, macroscopic electrode/SE
interfaces enable high effective surface areas but suffer from
contact problems caused by mechanical stress due to volume
changes during cycling. A promising solid electrolyte for a SSLB
has to exhibit the following properties: (a) high room
temperature ionic conductivity with a negligible electronic
transference number; (b) stability against the active electrode
materials; (c) a high electrochemical stability window; (d) high
ductility to facilitate high density and intimate contact with the
electrode materials in a pressurized cell stack, as well as
compensation of volume changes in the electrodes; (e) a
simple, cost-effective and industrially upscalable synthesis.
Many different oxide- and phosphate-based materials have

been developed, including compounds with garnet-type
structures,11−14 perovskites15 and NASICON (Na super ionic
conductor)-type lithium-ion conductors.16−19 Although show-
ing quite promising room temperature ionic conductivities of
up to 10−3 S·cm−1, these materials present drawbacks as they
are rigid, inflexible and brittle. The necessity of high
temperature solid-state synthesis and ceramic processing
(pressing and sintering) have led to difficulty in implementing
them as membranes. Sulfide glasses and glass-ceramics with
room temperature conductivities higher than 1·10−3 S·cm−1

may meet the requirements stated above, offering favorably
high ductility, with Young’s moduli between 18 and 25 GPa20

(garnet-type materials: 150 GPa21), and an electronic trans-
ference number of t− < 1·10−5.22,23 The glasses are
preferentially prepared by room temperature mechanochemical
processes (milling), utilizing solid-state interdiffusion reactiv-
ity23,24 which allows for upscaling. Most promising are
derivatives of the quasi-binary systems Li2S−SiS2, Li2S−GeS2
and Li2S−P2S5.

25−29 The shortcoming is that sulfide glasses and
glass-ceramics are not stable in moist air, where they may
generate H2S.

30

Several records in ionic conductivity were recently set by
novel compounds from the systems, Li2S−SiS2−Li3PO4, Li2S−
GeS2−P2S5 and Li2S−P2S5, such as thio-LISICON
(Li4−xGe1−xPxS4, Li super ionic conductor31) and analogous
p h a s e s , LGPS (L i 1 0G eP 2 S 1 2 ) ,

3 2 , 3 3 L i 9 . 6 P 3 S 1 2 ,
Li9.54Si1.74P1.44S11.7Cl0.3,

34,35 as well as the metastable
Li7P3S11,

36−38 which exhibits one of the highest ionic
conductivities known to date. For most glass- and glass-ceramic
systems, efflorescence of the amorphous phases leads to
significant loss in conductivity. Despite that, in the
(1−x)Li2S·xP2S5-system, crystallization of the superionic
conductor Li7P3S11 in a supercooled liquid39 enhances the
room temperature conductivity by a factor of up to 100,
compared to the glass phase (5.4·10−5 S·cm−1).38 Values
between 3.2·10−3 S·cm−1 and 5.4·10−3 S·cm−1 (corresponding
to an activation energy of 18−12 kJ·mol−1) were re-
ported.37,40−43 As determined from synchrotron-based X-ray
diffraction (XRD),44 Raman-37,38,45 and nuclear magnetic
resonance (NMR)-spectroscopy studies,5,37 as well as first-
principle molecular orbital calculations,46 tetrahedral PS4

3−

(ortho-thiophosphate) and ditetrahedral P2S7
4− (pyro-thiophos-

phate) building blocks of the amorphous phase are arranged in
the crystalline structure (triclinic space group P1 ̅) to form an
interconnected network of tetrahedrally coordinated Li-ion

sites. This is favorable for very high 3D lithium conductivity47

(see Figures 1, 5 and Supporting Information Figure SI 1). The
metastable phase cannot be synthesized by conventional solid-
state-reaction.37,48 Instead, thermal treatment37 of the respec-
tive glass at or above the crystallization temperature Tc (250−
360 °C), or quenching of the melt in ice water (melt
temperature of 750 °C) with22,42/without39 subsequent
thermal treatment is used. Due to the metastable nature of
Li7P3S11, peritectic decomposition to the thermodynamically
stable and far less conductive Li4P2S6 (<10

−7 S·cm−1)45 occurs
at temperatures higher than 420 °C,22 or if the critical dwell
time is exceeded.37,42 Furthermore, the composition of the
mother glass (1 − x)Li2S·xP2S5 has a critical influence on the
resulting crystalline phase after thermal treatment.8,38 Due to
the very high intragrain conduction, interfacial effects between
the grains (intergrain) become more important. As recently
reported, the intergrain resistance can be lowered considerably
by compaction of the Li2S−P2S5/Li7P3S11 glass-ceramic
through hot-pressing.49

Inspired by these findings and the high potential for
optimization, we report a new approach for in situ monitoring
of temperature and pressure during the synthesis of Li7P3S11,
combining a hot-press with an electrochemical cell for
simultaneous impedance analysis (cf. Figure 2 and Supporting
Information Figure SI 2). This offers unique insight into the
ceramization processes and conductance changes that occur
when a 70Li2S·30P2S5 glass is transformed to a superionic
Li7P3S11 glass-ceramic with a room temperature conductivity of
up to 8.6·10−3 S·cm−1. Furthermore, precise temperature
monitoring allows for accurate determination of the formation
and decomposition temperatures of Li7P3S11. Phase composi-
tion, local and chemical structure as well as the sample
morphology are investigated ex situ by means of X-ray
diffraction (XRD), Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS), as well as scanning electron
microscopy (SEM). The functionality of the material as a solid
electrolyte for SSLB is demonstrated by proof-of-principle
cycling experiments. It is furthermore demonstrated that if
sulfur is incorporated into the cathode, the solid electrolyte

Figure 1. Crystal structure (2 × 2 supercell) of superionic triclinic
Li7P3S11, consisting of PS4

3− tetrahedra (blue) and P2S7
4− ditetrahedra

(green) aligned along the b-axis. The bcc-type anionic framework
provides interconnected tetrahedral Li sites, which are favorable for
fast 3d-conduction of Li+.45
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appears to be involved in the redox process, when the cell is
discharged below 1.2 V vs Li0.3In0.7.

2. EXPERIMENTAL SECTION
2.1. Mechanochemical Synthesis of the 70Li2S·30P2S5 Glass.

In a glovebox (<0.1 ppm of O2 and H2O, MBraun, Germany),
stoichiometric amounts of Li2S (70 mol%, 99.999 %, Sigma-Aldrich,
Germany) and P2S5 (30 mol%, 99 %, Sigma-Aldrich) were
homogenized in an agate mortar (5 g per batch) and placed into
sealable ZrO2 pots (500 mL volume) together with 2000 4 mm ZrO2
milling balls. Mechanochemical formation of the 70Li2S·30P2S5 glass
was carried out in a Pulverisette 5 planetary mill (Fritsch, Germany)
under Ar for 20 h at a speed of 210 rpm. After each 15 min milling
step, the process was interrupted for 15 min to allow for dissipation of
heat generated by friction.
2.2. Hot-Pressing Setup and Crystallization Experiments. A

schematic overview of the home-built apparatus, combining a
hydraulic pressing device with an electronic pressure gauge (inelta
Sensorsysteme, Germany, mechanical part, dark gray), a DC-operated
heating solution (ThermoExpert, Germany, thermal part, red) and a
galvanically decoupled electrochemical cell for EIS and cycling
measurements (electrochemical part, blue) is presented in Figure 2
(Figure SI 2). The setup allows for the application of pressures up to
10 tons (868 MPa) and temperatures up to 380 °C. To ensure safe
operations inside a glovebox, the outer parts are passively and actively
cooled (heat sink components are colored in green).
The temperature is regulated by a thermal controller (Eurotherm

2416, Invensys Systems GmbH, Germany), driving a precision DC
power supply, which was chosen to lower electric disturbances/
induction effects, especially with regard to EIS measurements.
Mechanical and thermal values were driven and logged by an in-
house developed program based on the LABVIEW software suite
(National Instruments, USA). Electrochemical measurements were
enabled by electrical insulation of the sample and rods from the outer
part of the apparatus using a Macor ceramic bushing and Al2O3 plates.
The EIS measurements were carried out using a SP-150 potentiostat/
galvanostat (Bio-Logic Science Instruments SAS, France), applying a
perturbance amplitude of 10 mV in a frequency range of 1 MHz to 10
Hz (25 points/decade; 5 repetitions/frequency). All EIS measure-
ments were analyzed via EChem Software ZSimpWin and RHD
Instruments RelaxIS on the basis of least-squares approximation.
Accounting for the very low resistances−especially at high temper-
atures−and in order to consolidate the impedance analysis for the

whole temperature range, a R(RQ)Q-equivalent circuit was chosen as a
fit model. Due to the limited resolution of the setup, a distinction of
the grain- and grain-boundary conductivities was not feasible. Precise
control of the temperature enables temperature-dependent EIS,
allowing for the determination of activation energies for conductance.
For each crystallization experiment, 300 mg of the 70Li2S·30P2S5 glass
was placed between 2 polished Pt discs (12 mm) inside the heatable
die. Pellet thicknesses were determined after synthesis at five different
points of the pellet and in situ by distance measurement between
precise marks on the hardened steel rods using a precision caliper.

2.3. Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) analysis was performed with a DSC 200 F3Maia
differential scanning calorimeter and the PROTEUS software suite
(Netzsch GmbH and Co. KG, Germany). Temperature ranges from
40 to 380 °C with different ramps from 8.33 K·min−1 (ramp of the
hot-press) up to 20 K·min−1 were chosen.

2.4. X-ray Diffraction. Structural investigations and determination
of the crystalline fraction in the samples were carried out by means of
X-ray powder diffraction using an Empyrean powder diffractometer
(PANalytical, Netherlands) with Cu Kα radiation (λ1 = 154.056 pm, λ2
= 154.539 pm, I(λ2/λ1 = 0.5) in Bragg−Brentano θ−θ geometry and a
PIXcel3D area detector with 255 measuring channels. Samples were
pulverized and placed on (911)-oriented Silicon zero background
holders that were sealed with Kapton foil under argon atmosphere.
Measurements intended for structural refinement were carried out on
a Stadi-P diffractometer in Debye−Scherrer geometry (STOE & Cie
GmbH, Germany), applying Cu Kα1 radiation (Ge(111) mono-
chromator) and a Mythen2 R 1K detector with 1280 strips (Dectris
Inc., Switzerland). Powder samples were sealed under argon in
borosilicate glass capillaries. For the determination of the crystalline
fraction, samples were thoroughly mixed with small amounts of LaB6
(NIST Standard Reference Material 660B) as an internal standard.
The program package FULLPROF SUITE (version September
2015)50 was used for structural refinements and literature data (e.g.,
by Yamane et al. for Li7P3S11

44) were taken as a starting point.
Reflection profiles were modeled with a pseudo-Voigt function and the
background was described by linear interpolation between a set of
manually selected points with refinable heights. During the refinement,
scale factor, lattice parameter, zero angular shift, profile shape
parameters and half-width (Caglioti) parameters were varied. While
the atomic positions for lithium were fixed, all other positions were
allowed to vary. As an unequivocal determination of the Debye−
Waller factors was not possible for all atoms, an overall B-factor was
applied to account for isotropic displacement, which in no case

Figure 2. (a) Schematic overview of the hot-press/EIS apparatus, comprising the mechanical part (hydraulic cylinder and pressure gauge, gray), the
thermal components (heating coil, thermocouple, red) and the electrochemical components (heatable die/EIS cell and galvanic decoupling). (b)
Detailed sectional view of the thermal die/EIS cell: Pressure is applied by the hardened steel pistons that provide electrical contact to the sample.
The sample as well as the pistons are electrically insulated by a Macor machinable ceramic from the heat conducting brass body heated by the coaxial
heating coil. The compact cell is electronically, thermally and hermetically insulated.
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exceeded a value of 2.6 Å2 (for further information, the reader is
referred to the Supporting Information). The determination of sizes
and strains of coherent scattering domains within the samples was
performed by deconvolution of the diffraction data, using the
Thompson−Cox−Hastings pseudo-Voigt function in combination
with an instrumental resolution function that was obtained from the
pure LaB6 standard.
2.5. Raman Spectroscopy. The local structure of the samples was

investigated via Raman spectroscopy, using a Senterra Raman
Spectrometer (Bruker, USA) with an excitation wavelength of
532 nm at a power of 2 mW. Samples were pulverized and sealed
between float glass object slides with silicon vacuum grease. Raman
detail spectra were deconvoluted by least-squares data fitting based on
Gaussian/Lorentzian product functions (70 % Lorentzian, 30 %
Gaussian) using the CASA XPS software package (Fairley, N. CASA
XPS).
2.6. X-ray Photoelectron Spectroscopy and SEM Analysis.

XPS measurements were carried out using a PHI Versaprobe II
Scanning ESCA Microprobe (Physical Electronics PHI/ULVAC-PHI,
USA) with a monochromatized Al Kα X-ray source (Beam diameter
200 μm, X-ray power of 50 W). Sample processing and transfer to the
vacuum chamber of the XPS-device was performed under argon
atmosphere. The pass energy of the analyzer was set to 49.5 eV. In the
vacuum chamber, the sample holder was cooled with liquid nitrogen to
temperatures from −60 to −80 °C to prevent sulfur evaporation under
vacuum. Data analysis was performed using the CASA XPS software
package. Charge correction was set relative to the adventitious carbon
signal at 284.8 eV. SEM images were obtained in a Merlin scanning
electron microscope with Gemini II column (Carl Zeiss AG,
Germany).
2.7. SSLB Cell Assembly and Analysis. Cathodes for Li/S8

SSLBs were prepared by thoroughly mixing 50 wt% of dried pure
sulfur (99.9998 %, Sigma-Aldrich, Germany), 30 wt% of 70Li2S·30P2S5
glass and 20 wt% of carbon conducting agent (Ketjenblack,
AkzoNobel, Netherlands) in an agate mortar. The resulting 1 g
batch was homogenized in sealed ZrO2 milling pots with 400 ZrO2

balls (3 mm diameter) in a Pulverisette 7 planetary mill (Fritsch,
Germany) at 400 rpm for 5 h. 1.4 mg of the resulting cathode mixture
was placed inside the hot-press (0.5 tons, 25 °C) on top of a polished
Pt disc. Subsequently, 300 mg of the pure 70Li2S·30P2S5 glass were
placed on top of the electrode. The resulting stack was hot-pressed at
250 °C and 0.5 tons for 3 h to form superionic Li7P3S11 from the glass
(both inside the cathode and as SE) while monitoring temperature,
pressure and resistance. After the formation step, a disc of indium
(12 mm in diameter, 86 mg, 99.998 %, Sigma-Aldrich) was placed on
top of the solid electrolyte and 2.23 mg of lithium (a disc of 12 mm in
diameter) was added to form a Li0.3In0.7 alloy. The stack was again
compressed and cycling experiments were carried out after 24 h at a
load of 1 ton (equivalent to a pressure of 88.7 MPa). Complementary
post-mortem-analysis of the solid electrolyte pellet was carried out for
two SSLB that were cycled in two different voltage windows of 2.4−
1.2 V and 2.4−1.0 V, respectively. After 35 (16) galvanostatic cycles,
the cells were charged to 50 % SOC and then disassembled. Both the
anode and the cathode facing sides of the solid electrolyte were
analyzed inside the XPS according to section 2.6.

3. RESULTS AND DISCUSSION

3.1. Analysis of the 70Li2S·30P2S5 Glass. After
mechanochemical synthesis, the complete reaction of pre-
cursors and the formation of the 70Li2S·30P2S5 glass were
verified by XRD and Raman spectroscopy. An amorphous
phase, indicated by a XRD halo pattern (cf. Figure 3a), was
formed in agreement with a literature report.23 Only a broad
feature, characteristic of the polyimide foil cover, was detected.
The strongest peaks in the Raman survey spectra (Figure 3b)
represent symmetric P−S stretching modes.51,52 They are
specific for the coordination polyhedra.45 The Raman spectra of
Li4P2S6, Li3PS4 and Li4P2S7 exhibit bands at ν = 382, 406 and
418 cm−1 for symmetric P−S-bond stretching in the PS3 (P2S6),
P2S7

4− and PS4
3− moieties. As denoted in the expanded Raman

Figure 3. Comparison of XRD patterns (a) and Raman spectra (b) of the mother glass and the glass ceramics obtained by the one-step heat
treatment. The structured background in the XRD patterns is due to the polyimide-foil cover. While the diffraction patterns of the samples
crystallized at 250 °C show phase pure Li7P3S11, samples prepared at 280 °C contain impurities of Li4P2S6, as highlighted by the red guidance lines
and arrows. After heat treatment at 360 °C, neither reflections of Li7P3S11 in the XRD patterns, nor the vibrational signal of the pyro-thiophosphate
ditetrahedra can be identified. Raman detail spectra (c) in the range from 350 to 450 cm−1 confirm these results.
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spectra in the 350−450 cm−1 range (Figure 3c), strong lines at
418 and 406 cm−1 indicate the presence of ortho-thiophosphate
tetrahedra (PS4

3−, blue) and pyro-thiophosphate ditetrahedra
(P2S7

4−, green), respectively. However, a small fraction of
P2S6

4− may be present in the glass, similar to results recently
shown by other groups.53−56

Differential scanning calorimetry reveals an endothermic
glass transition at around 200 °C and a strong exothermic
crystallization peak at 250 °C (Supporting Information Figure
SI 3). Above this temperature, two small features can be
ascribed to phase transitions at around 280 and 360 °C,
respectively. The electrochemical properties of the pure glass
were measured as a reference inside the hot-press assembly at a

pressure of 2 tons (177.4 MPa) and reveal a room temperature
conductivity of (8.1 ± 0.1)·10−5 S·cm−1 and an activation
energy of (425 ± 3) meV, both in the range of literature data37

(cf. Supplementary Figure SI 4).
3.2. One-Step Crystallization Experiments. Considering

the fact that the signal from the DSC shows features at these
very temperatures, hot-press experiments were carried out at
250, 280 and 360 °C with a dwell of 3 h each. We assume that
the crystallization of Li7P3S11 occurs at around 250 °C due to
the strong exothermic peak shown in the DSC andas shown
in preceding publicationsthat the metastable phase decom-
poses at higher temperatures. With help of the novel setup with
accurate temperature control, we link these results to the

Figure 4. Synthesis (pTR) diagrams of the different (glass-)ceramic samples obtained at a starting pressure of 2 tons via thermal treatment at 250 °C
(a), 280 °C (b) and 360 °C (c), respectively. Measured sample temperature (orange) and pressure (green) as well as the sample resistance (blue),
derived from electrochemical impedance spectroscopy data, are plotted versus the formation time. Through correlation of these parameters, different
stages of softening, nucleation and crystallization can be distinguished. As expected, the room temperature conductivity strongly depends on the
fraction of the formed phases.
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features in the DSC. Temperature, pressure and electrical
conductivity were logged during the experiments, as denoted in
the “pTR” (=pressure, temperature and resistance)-diagrams in
Figure 4.
3.2.1. pTR-Diagram 250 °C. With regard to the pressure

slopes, we can identify six stages in the crystallization process of
the sulfide glass. At room temperature and a pressure of 2 tons
(177.4 MPa), the pellet exhibits a resistance of ≈930 Ω.
Heating (1) with a ramp of 500 K·h−1 (8.33 K·min−1) leads to a
monotonous decrease in pressure (−0.27 kg·s−1; −23 kPa·s−1)
and resistance (gray area) as a thermal effect. When the glass
transition temperature around 200 °C is exceeded, the material
softens (2), resulting in a very steep pressure slope (−1.2 kg·
s−1; −104 kPa·s−1; orange area) in a temperature range between
225 and 250 °C. After the crystallization temperature (250 °C)
is reached, the pressure slope is strongly decreased (−0.20 kg·
s−1; −17 kPa·s−1) and the resistance drops from 0.74 to 0.24 Ω
in approximately 6 min. We assume that the nucleation (3) of
superionic Li7P3S11 takes place at this point. During the
following dwell of 3 h, the pressure rises again from 1.25 tons
(103.4 MPa) to 1.35 tons (117.1 MPa), reaching this limit after
approximately 2.1 h. During this time, the sample resistance
remains constant, given the error in the fitting. We conclude

that the crystallization/efflorescence (4) of the superionic phase
by long-range ordering of the ortho- and pyro-thiophosphate
ions takes place in the gray region (Figure 4) and, for our
specific sample quantity, is completed after 2.1 h, when the
pressure stabilizes (5). After cooling to room temperature (6),
an electrical resistance of 11.7 Ω is achieved, yielding a room
temperature conductivity of 8.3 mS·cm−1 which corresponds to
an increase in conductivity by 2 orders of magnitude, compared
to the mother glass. The phase purity of the crystallized
Li7P3S11 is demonstrated by ex situ analysis, as shown below. An
analogous one-step crystallization experiment with a dwell time
of 1 h results in a lower room temperature conductivity of 6.7
mS·cm−1 (14.6 Ω). We propose that incomplete crystallization
leads to this lower value (see analysis sections 3.2.5 and 3.2.6).
For further characterization of the crystallization kinetics of

Li7P3S11, we correlate the pressure changes during the process
with the Johnson−Mehl/Avrami model (JMAK) for the
nucleation of a crystalline phase from an amorphous mother-
phase.57 A detailed description of the theoretical background
and mathematical approach is given in the Supporting
Information. Based on the results, yielding a residuum of
0.46 %, an Avrami exponent of n = 1.50 and an empirical
constant of k = 5.07·10−6 s−1.50 were derived for the sample in

Table 1. Electrical, Chemical and Crystalline Properties of the Glass and the Thermally Treated Samplesa

Sample 70Li2S·30P2S5 250 °C 280 °C 360 °C 210 °C, 1.5 h 225 °C, 1.5 h

Parameters glass 3.0 h 3.0 h 3.0 h 250 °C, 3.0 h 250 °C, 3.0 h

σRT,total (S·cm
−1) 8.1·10−5 8.3·10−3 5.1·10−3 2.2·10−5 8.6·10−3 7.3·10−3

EA (meV) 425 ± 3 295 ± 3 340 ± 5 525 ± 3 290 ± 3 300 ± 5
Av. size of scattering domains (XRD) (nm) 78.71(3) 102.51(9) 117.78(9) 72.7(2) 67.7(4)

(Li7P3S11) (Li7P3S11) (Li4P2S6) (Li7P3S11) (Li7P3S11)
Specimen ratio (XPS) (PSP):(PS):(PSLi) 1:3:7 1.26:2.59:7 0:3.22:7

aThe ideal specimen ratio for Li7P3S11 equals 1:3:7 (PSP):(PS):(PSLi).

Figure 5. (a) Arrhenius diagram of the temperature dependent conductance behavior for the 70Li2S·30P2S5 glass and various thermally treated
samples from the hot-press setup. The principle parameters as well as the activation energy derived from linear fitting are denoted next to the
respective slope. (b) Crystal structures of Li7P3S11 (i) and the decomposition products β-Li3PS4 (ii) and Li4P2S6 (iii) with representations of the Li−
Sx coordination polyhedra (red), as well as PS4 tetrahedral (blue) and P2S7 ditetrahedral units (green). In Li7P3S11, all Li ions are in tetrahedral
coordination, whereas in Li3PS4 for part of the Li ions, and in Li4P2S6 for all Li ions, an octahedral coordination is found.
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Figure 4a at 250 °C. A value for n around 1.5 can imply the
following:58 Either crystallization takes place at the edges and
boundaries of grains after saturation, as usually found for
polymorphic changes or interface controlled growth, or
crystallization takes place with a very low nucleation rate, as
usually found for diffusion controlled growth. Irrespective of
the underlying mechanism, the crystallization can be inter-
preted as a nonideal 1D/2D growth.58

3.2.2. pTR-Diagram 280 °C. Elevating the temperature to
280 °C results in a slightly different pTR diagram (cf. Figure
4b): Heating and softening occur analogouslya monotonous
pressure decrease of −0.27 kg·s−1 (23.4 kPa·s−1) and
−1.7 kg·s−1 (147.4 kPa·s−1) occurs up to 250 °C and during
crystallization of Li7P3S11, the resistance decreases from 0.94 to
0.18 Ω in approximately 6 min. However, upon reaching
280 °C, a new phenomenon occurs: The pressure slightly
decreases (−0.16 kg·s−1), whereas the resistance rises by 10 %
to 0.2 Ω. At room temperature, the pellet resistance is 19.2 Ω,
equivalent to 5.1 mS·cm−1, which is slightly lower than for the
sample treated at 250 °C. Being aware of the limitation that the
assumptions made in the Avrami theory do not perfectly hold
for the simultaneous formation of two different phases (a side-
phase of about 2.2 wt% of Li4P2S6 is found as shown below), we
applied an analogous fitting routine to the Avrami equation for
this sample. Here, we obtain n = 1.37 and k = 1.4·10−5 s−1.37,
which implies a faster nucleation and growth rate due to the
elevated temperature. Compared to the results derived for the
sample prepared at 250 °C, the exponent n is smaller, indicating
that at elevated temperature crystallization might predom-
inantly occur at grain boundaries instead of grain edges.58 This
can help to explain why different crystallite shapes are obtained
for the samples treated at 250 and 280 °C (see Supporting
Information Figure SI 13a,b).
3.2.3. pTR-Diagram 360 °C. Further increase of the target

temperature to 360 °C leads to aggravated decomposition of
the metastable Li7P3S11(cf. Figure 4c): After softening with a
pressure reduction of −0.25 kg·s−1 (−21.6 kPa·s−1) and
−4.9 kg·s−1 (−424.8 kPa·s−1), respectively, nucleation and
crystallization of Li7P3S11 occur very quickly from 250 to 270
°C, accompanied by a drop in resistance to 0.17 Ω. The
decomposition at 280 °C is hardly visible due to the steep

temperature ramp. Reaching 360 °C, the pressure decreases
monotonously while the resistance increases to 0.68 Ω (by a
factor of 566 % in total). After cooling, the room temperature
resistance equals 31.87 kΩ, yielding a total conductivity of 2.2·
10−6 S·cm−1 (38 times lower than for the mother glass).
Compared to the phase pure sample treated at 250 °C, this
means a loss in conductivity by a factor of 4000.

3.2.4. Conductance Behavior. The room temperature total
conductivities and the related activation energies are
summarized in Table 1. The temperature dependences of the
conductivities presented in Figure 5a confirm Arrhenius
behavior for the glass and for the thermally treated samples,
respectively. Obviously, conductivity is significantly impaired by
the formation of the Li4P2S6 phase at 280 °C (EA = (340 ± 5)
meV. Complete decomposition of Li7P3S11 (which takes place
at temperatures as high as 360 °C supported by the DSC
results) leads to an elevated activation energy of
EA = (525 ± 3) meV, increased by factors of 1.23 compared
to the glass and 1.81 compared to phase-pure Li7P3S11,
respectively. This will be confirmed by ex situ analysis in the
following section.

3.2.5. Structural Analysis. Analysis of the crystalline and
local structure reveal a close relationship between the different
samples. The results from XRD demonstrate that the sample
treated at 250 °C is phase pure: no other crystalline phases can
be detected. Structural refinement validates this result (cf.
Figure 6, Figure SI 5 and Tables SI 1−2). The cell parameters
(Figure 6, inset) are in good agreement with literature data,44

and the crystallinity of the sample (determined with a defined
amount of an internal crystalline LaB6 standard) exceeds 99 %
(cf. Supporting Information Figure SI6 and Tables SI 3−4, SI
11). Sharp peaks from both the PS4

3− and P2S7
4− building

blockscomparable to the nontreated glass sampleare found
in the Raman spectrum (Figure 3b,c). The signal for P2S6

4− is
essentially absent. On the basis of solid-state 31P MAS NMR
spectroscopy, Seino et al. have shown that amorphous Li4P2S6
incorporated into the 70Li2S·30P2S5 glass is decomposed
during thermal treatment. Nevertheless, the extent to which
this occurs depends strongly on precise heat treatment
conditions. Bischoff et al. proposed the incorporation of
polysulfides Sn

2− (4 ≤ n ≤ 6) into analogous sodium glasses,

Figure 6. XRD pattern and Rietveld refinement of phase pure Li7P3S11 obtained by one-step crystallization at 250 °C; dark blue circles = data points;
black curve = fit; green curve = difference map; tick marks indicate theoretical reflection positions for Li7P3S11. A more detailed result summary is
provided in the SI.
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leading to sulfur-deficient tetrahedra.52 Thermal treatment
might favor the reformation of these polysulfides, leading to the
observed disappearance of the Li4P2S6 phase. The thermal
treatment at a target temperature of 250 °C leads to a very
smooth and dense sample surface, as denoted in the SEM
micrographs (cf. Supporting Information Figure 13a) and we
estimate the particle size to be approximately 50 to 80 nm in
diameter. A size and strain study of the X-ray diffraction data
yielded an average scattering domain size of ≈79 nm, which is
in good agreement with the SEM approximation.
Additional information is achieved by means of XPS surface

analysis of the sample: Detailed spectra of the S 2p and P 2p
spin orbit split signals are denoted in Figure 7 (see Figure SI 14
for the survey spectra). Data fitting was carried out based on a
peak model for Li7P3S11 presented in a preceding publication of
our group59 (cf. Figure 7a,b): Three different sulfur species can
be distinguished in the Li7P3S11 structural model (cf. Figure 1).
One bridging S atom interconnects the two P atoms in the
P2S7

4 ditetrahedra (PSP, 163 eV), furthermore, the
PS4

3− tetrahedra and ditetrahedra comprise three double bond-
(PS, 162.1 eV) and seven single bond S atoms (PSLi,
161.5 eV). The ratio of the three different contributions was

estimated by comparison of the peak areas, yielding a ratio of
0.14:0.43:1 ≈ 1:3:7 for the (PSP)-, the (PS)- and the
(PSLi)-moieties, respectively (cf. Table 1). The P 2p
signal can be deconvolved into two different spin orbit split
signals that are ascribed to the ortho-thiophosphate (PS4

3−,
134.1 eV) and the pyro-thiophosphate (P2S7

4−, 132.9 eV). The
ratio of both P 2p signals is approximately 1:2, which again
matches well with the theoretical values. Thus, the ratio of the
tetrahedra and the ditetrahedra is 1:1 and Li7P3S11 could be
clearly identified by means of XPS, supporting the results
presented above.
Mainly showing the structure of superionic Li7P3S11 with the

fraction of the crystalline phases again exceeding 99 %, the
sample treated at 280 °C already shows reflections of Li4P2S6 as
an impurity phase. Its mass fraction is 2.2(2) wt%, as derived
from structural refinement (cf. Supporting Information Figures
SI 7−8, Tables SI 5−8, SI 11). Hence, the change in the
pressure and resistance evolution as well as the loss in
conductivity is caused by the formation of this phase. This is
further proven by the corresponding Raman spectrum that
shows a strong signal in the range attributed to P2S6

4− (cf.
Figure 3b,c). Qualitatively, we find a decrease in the

Figure 7. XPS S 2p and P 2p detail spectra of hot-pressed samples subjected to 250, 280 and 360 °C, respectively. In contrast to the samples
subjected to lower temperatures, the PSP bond attributable to pyro-phosphate ditetrahedra is not found for the sample treated at 360 °C.
Strong signals of sulfur and a not yet identified species evolve, supporting that Li7P3S11 decomposes to β-Li3PS4, Li4P2S6 and α-S8.
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ditetrahedra/tetrahedra ratio, indicating that Li7P3S11 has partly
decomposed into the two end members of the peritectic line.
The decomposition of Li7P3S11 to Li4P2S6, inter alia, is in line
with the quasi-phase diagram presented by Hayashi et al.39

Contrary to their findings, we prove that decomposition is
already taking place at lower temperatures. The sample
morphology is also altered by the temperature increase: The
average scattering domain size, determined by the size-and-
strain study, increases by 130 % to ≈103 nm, in agreement with
the micrographs (cf. Supporting Information Figure SI 13b). As
shown in Table 1, the specimen ratio for the sample treated at
280 °C does slightly differ from the ideal composition (cf.
Figure 7c,d).
The conclusions so far are underlined by the findings for a

sample subjected to 360 °C: The reflections in the diffraction
diagram of the crystalline sample can be attributed to Li4P2S6,
while a contribution of Li7P3S11 cannot be identified. Structural
refinement reveals that the sample consists of 67.7(4) wt%
Li4P2S6, 29.3(3) wt % β-Li3PS4 and 3.0(2) wt % orthorhombic
sulfur (α-S8) (cf. Supporting Information Figure SI 9, Tables SI
9−10). In perfect agreement with the XRD data, only signals
for P2S6

4− as well as ortho-thiophosphate PS4
3− are found in the

Raman spectrum. The band attributed to P2S7
4 ditetrahedra

disappeared, indicating complete decomposition of Li7P3S11.
The SEM micrographs (Supporting Information Figure 13c)
reveal a significant change in morphology for this sample.

Particles of a few hundred nm are found and are agglomerated
in a brittle structure. In the XPS S 2p high resolution spectrum,
no line attributable to the P−S−P species can be found and the
ratio between the PS, and PSLi specimen is 0.46:1 ≈
1:2.2. However, a new double peak at 163.5 eV is found, which
can be attributed to elemental sulfur. The ratio between the
PSLi group and sulfur is 1:1.7.
The shift of the phosphorus signal is explained by the

formation of Li3PS4, which is in accordance with the binding
energy values of the PS4

3−-tetrahedra in Li7P3S11.
59 Thus,

elemental sulfur, Li3PS4 and Li4P2S6 are determined by XRD
and XPS as decomposition products of Li7P3S11 at temperatures
exceeding 280 °C, according to the following reaction:

→ + +Li P S Li P S Li PS
1
8

S7 3 11 4 2 6 3 4 8

3.2.6. Discussion of the pTR-Diagrams on a Structural
Basis. Considering the densities of the different phases, we
return to the pTR diagrams presented above and can interpret
the pressure evolution during the decomposition of Li7P3S11.
The densities determined by Rietveld refinement of the XRD
data are denoted in Table 2 and agree well with the literature
data. According to the given reaction equation, the sample
density increases during the decomposition reaction by 6 % to
2.119 g·cm−3, leading to the decompression observed. As we
lack reliable data on the density of Li2S·P2S5 glasses, we assume

Table 2. Specific Densities of the Different Crystalline Phases Participating in Li7P3S11 Decomposition

phase Li7P3S11 β-Li3PS4 Li4P2S6 α-S8

density (structural refinement) 1.992 g·cm−3 1.857 g·cm−3 2.223 g·cm−3 2.06 g·cm−3

density (literature) 1.98 g·cm−344 1.87 g·cm−360 2.23 g·cm−361 2.067 g·cm−362

Figure 8. pTR Diagrams logging the transition from the mother glass to superionic crystalline Li7P3S11 during a two-step heat treatment. Preceding
subjection of the glass to a temperature of 210 °C (a) before softening of the material and crystallization at 250 °C results in a significantly shorter
crystallization step. This is not observed for an elevated nucleation temperature of 225 °C (b).
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that melted 70Li2S·30P2S5 possesses a density exceeding 1.992
g·cm−3, because crystallization of Li7P3S11 leads to an increase
in pressure. Furthermore, the decrease in ionic conductivity
upon the decomposition of Li7P3S11 can be related to the
structural motifs of the respective compounds formed:
According to recent literature,47 the barrier for Li-ion migration
along face-sharing tetrahedral sites, as present in Li7P3S11, is
remarkably low (cf. Figure 5b,i). For other interconnected sites,
the value of this barrier rises considerably, having a maximum
for Li ions moving from one octahedral site to another.
Obviously, the number of octahedral sites in the migration path
is increased for the decomposition products (Li3PS4, Figure
5b,ii and Li4P2S6, Figure 5b,iii)., Therefore, with part of the Li
ions in octahedral coordination, β-Li3PS4 exhibits an inferior
ionic conductivity, whereas with all Li ions in octahedral
coordination, ionic conductivity in Li4P2S6, the end member of
the decomposition, is even worse (<10−7 S·cm−1).45

3.3. Two-Step Crystallization Experiments. The efflor-
escence of crystalline phases from their amorphous mother
phases is a two-step process, where nucleation of the new phase
is followed by crystallization (grain growth). As most recently
shown in DTA experiments by Eom et al.63 (based on a model
by Ray and Day64), maximum nucleat ion speed
(1.92·1025 min−1·m−3) and maximum crystal growth rate
(0.0429 nm·min−1) in 78Li2S·22P2S5-glasses occur at different
temperatures (170 and 230 °C, respectively). Hence, two-step
thermal treatments, comprising a nucleation step below ϑc and
a crystallization step at temperatures ≥ϑc ought to accelerate
crystallization or improve crystallinity.63,65

3.3.1. pTR-Diagrams 210 °C/225 °C; 250 °C. On the basis
of these results, we carried out two-step crystallization
experiments inside the hot-pressing setup. For comparison,
the main crystallization step at 250 °C (3 h) was not altered,
but the process was expanded by a preceding nucleation step at
210 or 225 °C, respectively. As denoted in Figure 8a, thermal

treatment at 210 °C does not lead to a distinct softening of the
material, whereas elevating the temperature to 225 °C (Figure
8b) induces significant pressure release due to exceeding the
glass transition temperature. In detail, for the sample treated at
210 °C, the pressure gradient during heating equals
−0.29 kg·s−1 (−25.1 kPa·s−1). During the dwell of 1.5 h, the
pressure slightly increases, again indicating the formation of a
phase with reduced density. On the basis of the results
presented above and the fact that the material only subjected to
210 °C is amorphous (halo pattern in XRD, cf. Figure 9a), we
assume that at this point nucleation of the superionic phase
takes place. The resistance remains almost stable at 1.98 Ω
throughout this step. The subsequent temperature elevation
results in a pronounced pressure release (−5.5 kg·s−1; −476.9
kPa·s−1) during softening of the material. Reaching the target
temperature, the resistance is initially reduced from 0.83 to 0.23
Ω. In comparison to the one-step thermal treatment at 250 °C
(cf. Figure 4a), we observe two differences: (1) The pressure
stabilization occurs 2.4 times faster (52 min); (2) during this
period, the resistance gradually decreases to 0.16 Ω. A slightly,
but not substantially higher room temperature total con-
ductivity of 8.6 mS·cm−1 (9.3 Ω) is achieved, yielding a slightly
lowered activation energy of (290 ± 3) meV. Thus, the
crystallization time at elevated temperature can be significantly
reduced by a preceding thermal treatment, accelerating crystal
growth that otherwise occurs very slowly (0.0429 nm·min−1 at
230 °C for a 78Li2S·22P2S5 glass63). However, elevating the
temperature of the nucleation step to 225 °C neither results in
conductivity enhancement, nor in a more efficient synthesis
process: The resulting room temperature total conductivity
equals 7.3 mS·cm−1, with pressure and resistance slopes being
comparable to those observed for the one-step crystallization.
Prenucleation at higher temperatures that exceed the glass
transition temperature seems less efficient. This may verify

Figure 9. Comparison of the diffraction diagrams (a) and the Raman spectra (b) of the mother glass and the glass ceramics obtained by two-step
heat treatment. The samples subjected to temperatures below ϑC only show a halo pattern in the XRD, whereas thermal treatment at 250 °C leads to
the formation of phase pure Li7P3S11. Raman detail spectra (c) in the range from 350 to 450 cm−1 confirm these results.
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earlier findings of Minami et al., who, based on DTA-
experiments, present a maximum nucleation rate at 210 °C.65

3.3.2. Structural Analysis. Compared to the one-step
crystallization experiments, the preceding temperature treat-
ment results in a significantly smoother surface topology, as
shown in the SEM micrographs (Supporting Information
Figure SI 13d−f). Especially after the treatment at 210 °C,
virtually no features are observed on the sample surface,
representing another benefit of the two-step process. A smooth
glass with occasional pores is formed. As denoted in Figure 9,
X-ray diffraction and Raman spectroscopy agree with the
findings presented above for the one-step experiments.
Preheating at 210 and 225 °C, respectively, result in the
formation of phase pure Li7P3S11, as long as crystallization is
carried out at 250 °C. This is proven by Rietveld refinement
(cf. Supporting Information, Figures SI 10 and SI 11, Tables SI
12−14). However, elevating the crystallization temperature for
a sample pretreated at 210 to 280 °C (data not shown in the
main text, cf. Figure SI 12, Tables SI 15−16) again leads to the

formation of Li4P2S6 (8.9(7) wt%) owing to peritectic
decomposition as presented above. Raman spectra show that
the mode attributed to P2S6

4− in the mother glass persists
through heat treatment at 210 and 225 °C, respectively. Only
after heat treatment at 250 °C, the peak is diminished,
supporting the assumptions stated above.

3.3.3. Discussion of the Two-Step Crystallization Ap-
proach. On the basis of these experiments, we conclude that
the crystallization time can be significantly reduced by a
preceding nucleation step at 210 °C. Considering the in situ
pTR measurement, we show that the initial formation of a large
number of nuclei enables a faster crystallization process, as
nucleation is assumed to be considerably faster than crystallite
growth.63 Because the one-step crystallization process yields
almost 100 % crystallinity, it is unlikely that the conductivity
can be boosted significantly by an increased number of nuclei.
However, presuming that Li7P3S11 is a suitable solid electrolyte
for SSLB which necessitates a large scale industrial process,
optimization of the synthesis parameters enables lowering of

Figure 10. (a) Voltage profiles of a Li0.3In0.7/Li7P3S11/S;Li7P3S11; Ketjenblack (50:30:20 wt%) all-solid-state cell cycled in the hot-press setup at
room-temperature (orange, charge; black, discharge). Representative cycles for a 0.1 C rate (cycles 1,2,5); a 0.2 C rate (cycle 10); a 0.5 C (cycle 15)
and a 1.0 C rate are shown as solid lines. For comparison, a later reference cycle at 0.1 C (cycle 34) after the rate capability test is denoted as dashed
lines. A schematic overview of the cell stack is shown as small inset. (b) Cycling performance of the cell during 35 cycles: The specific discharge
capacity (open black circles) and the specific charge capacity (orange dots) are taken to derive the Coulombic efficiency (dashed green line) that
ranges around 100 %. The discontinuities in the coulomb efficiency occur due to the change in cycling rate. (c) S 2 p high resolution spectrum of the
cathode side of the Li7P3S11 solid electrolyte pellet after 35 cycles. The cell was disassembled at 50 % SOC. Beyond the signature of the Li7P3S11 solid
electrolyte, one additional sulfur line is found for the cathode facing side of the solid electrolyte that is attributed to S8 or polysulfide species (163.7
eV, −S−S− bounds). When the cell is further discharged to 1.0 V the reduction product Li2S (160.2 eV) is found as well (cf. small inset and SI),
presumably associated with a decomposition of the SE. (d) S 2 p high resolution spectrum of the anode side of the Li7P3S11 solid electrolyte pellet
after 35 cycles. It matches the signature of the pristine solid electrolyte.
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energy- and time-consumption and will therefore be of crucial
practical relevance. The hot-press/EIS setup presented here is a
powerful tool to determine optimum crystallization parameters
for this particular system, which will also be useful for many
other systems.
3.4. Cycling Experiments. As proof of principle, we

applied Li7P3S11 as solid electrolyte in a Li−In/S8 bulk SSLB.
The Li0.3In0.7 alloy was used as negative electrode to enable a
stable interface with the SE. Directly after cell assembly, we
observe a monotonous increase of the cell potential, beginning
at 1.68 V and not exceeding a value of ≈1.88 V vs Li0.3In0.7
(corresponding to a potential of ≈2.5 V vs Li/Li+, see
Supporting Information Figure SI 15), presumably owing to
in situ alloy formation. As Li0.3In0.7 has a potential of 0.62 V vs
Li,66 the resulting OCV is lowered by this value compared to an
analogous cell with a Li anode. The composite cathode contains
0.7 mg of sulfur, yielding an areal loading of 1.04 mAh·cm2.
Cycling at a rate of 0.1 C (0.114 mA, cf. Figure 10a,b), the Li−
In/S8 SSLB achieves a high sulfur utilization (1370 mAh·g−1) in
the first cycle that presumably is partly related to side reactions
as shown by the high irreversible capacities occurring in cycle 1
(∼300 mAh·g(S)−1) and cycle 2 (∼90 mAh·g(S)−1). However,
the cell shows a good cycling stability andtaking into account
that it is a SSLB with a SE separator thickness in the 1 mm
order of magnitudea good rate capability due to the high
conductivity of the SE, yielding a discharge capacity of 350
mAh·g(S)−1 at a rate of 0.5 C. Nevertheless, the rate capability
is limited: Discharging at 1 C results in a low but stable
discharge capacity of around 100 mAh·g(S)−1. Decreasing the
cycling rate to 0.1 C results in a discharge capacity of 722 mAh·
g(S)−1, showing a very stable cycling performance with a loss of
only 2.5 mAh·(g(S)·cycle)−1 despite the rate test. As denoted in
the XPS spectra (cf. Figure 10c,d)beyond the known
signature of Li7P3S11an additional sulfidic species evolves at
a binding energy of 163.4 eV that can be attributed to
polysulfide species or elemental sulfur. Surprisingly, no Li2S as
final reduction product is found for the cell discharged to 1.2 V.
We only see evidence of this phase if the cell is discharged
down to 1.0 V as denoted by the characteristic line at 160.2 eV
(see small inset of Figure 10c). However, we assume that in this
case the solid electrolyte is electrochemically involved in the
cycling reaction or partially decomposed, as the discharge
capacity is higher than the charge capacity, leading to a
Coulombic efficiency exceeding 100 % (see SI). Based on the
work by Zhu et al.,67 the thiophosphate solid electrolyte
becomes unstable below a voltage of 1.1 V due to reduction of
P(+V) to lower valent phosphorus species. As shown by Lin et
al.,68 elemental sulfur reacts with Li3PS4, yielding sulfur-rich
polysulfidophosphates Li3PS4+n. Considering a different starting
system, they show that the reversible reaction of Li3PS4+n forms
a mixture of Li2S and Li3PS4 which enables excellent cyclability
with voltage profiles very close to those obtained with our
system. Clearly, the signature of the Li7P3S11 compound is
found on both sides and−for the anode side−the S 2p-
spectrum is congruent with that of the pristine solid electrolyte.
Facing the complex main- and side processes occurring in the

SSLB discharged to 1.0 V (see the SI), interpretation of the
pressure/load evolution is challenging: If a common S8 ↔ Li2S
reaction had taken place during cycling, a pressure increase
(decrease) during discharge (charge) would have been most
likely. Obviously, the reverse case happens. As we lack of
comparable studies for the system mentioned above, we cannot
differ if this happens due to the lithium stripping/plating of the

anode or due to a different cycling reaction. For clarification,
further work is needed.

4. CONCLUSIONS
By introducing a combination of a hot-press and an
electrochemical cell, we provide real-time insight into the
formation and decomposition process of the metastable
superionic conductor Li7P3S11, yielding a room temperature
total conductivity of up to 8.6·10−3 S·cm−1. Accurate temper-
ature control of the sample allows precise determination of the
formation temperature in line with DSC experiments. Carrying
out one-step crystallization experiments, phase pure >99 %
crystalline Li7P3S11 is formed within 2.1 h of hot-pressing at
250 °C. Fitting the pressure data during crystallization at
constant temperature to a Johnson−Mehl/Avrami model
(JMAK), we show a nonideal 1D/2D crystalline growth to be
the predominant process during formation of Li7P3S11. In
combination with ex situ analysis techniques, the decomposition
reaction of Li7P3S11 to Li4P2S6, β-Li3PS4 and sulfur, taking place
at temperatures higher than 280 °C, was formulated and linked
to the pressure evolution. Two-step crystallization at 250 °C,
beginning with a nucleation step at 210 °C, reduced the
crystallization time by a factor of 2.4, yielding an optimized
process. In preliminary cycling experiments, we demonstrate a
functional Li−In/Li7P3S11/S8 composite battery and found
strong evidence for the decomposition of the SE/cathode
interface, when this battery is discharged to potentials lower
than 1.2 V vs Li0.3In0.7. Increasing the temperature range of the
setup will enable analogous experiments with other important
materials such as LGPS that require a synthesis temperature of
≈550 °C.32
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