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Abstract

For advanced all-solid-state lithium batteries, the solid electrolyte is one of the most critical components that significantly affect
battery performance. Herein, solid electrolytes 75Li,S-(25-x)P,S5:xP,05 (mol%) are successfully prepared via wet chemistry
method. Their XRD patterns show that only the crystalline phase (3-Li3PS, is detected for x=0, 1, 2, 3, 5 mol% and the highest
room-temperature ionic conductivity 0f2.53 x 10 S cm™ ' is obtained when x = 2. Next, effects of heat treatment on the structure
and electrochemical performance of 75Li,S-23P,Ss-2P,05 are systematically studied. The thermal stability, morphology, struc-
ture, and crystal phase of the 75Li,S-23P,S5:2P,05 electrolyte heated at different temperatures are characterized by thermogra-
vimetric analysis and differential scanning calorimetry (TGA-DSC), SEM, N, adsorption/desorption, Raman, and XRD. The
75Li,S-23P,S52P,05 electrolyte heat-treated at 320 °C exhibits the highest ionic conductivity of 2.72 x 107 S cm™ ', the lowest
electronic conductivity of 4.8 x 10° S cm ', and excellent electrochemical stability against the metallic lithium electrode. When
the heat treatment temperature further increases from 320 to 500 °C, the electrolyte partially decomposes into LiyP>S¢ and Li,S.
Our results underscore the importance of heat treatment for the synthesis and performance optimization of solid electrolytes for
the application of high-energy solid-state batteries.
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Introduction

Lithium-ion batteries are important for a wide variety of appli-
cations ranging from consumer electronics, automotive propul-
sion to stationary load leveling for intermittent power genera-
tion, such as wind and solar energy [1, 2]. However, conven-
tional lithium-ion batteries with organic liquid electrolyte still
have the drawbacks, i.e., safety concerns, leakage and corro-
sion, and technological limitations for miniaturization [3]. All-
solid-state batteries with a sulfide-based solid-state electrolyte
are believed to be one of the best solutions because of the high
ionic conductivity and unique mechanical properties of the
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sulfide-based solid electrolytes [4, 5]. In the last few years,
the research interest from both scholar and industrial sectors
in Li,S-P,S5 binary system electrolytes has grown steadily [6].

For the Li,S-P,Ss system, different ratios of Li,S and P,Ss
starting materials can generate the final products with different
proportions of PS,* and P,S,* structural units, which deter-
mines the electrochemical properties of the electrolyte material
[7]. In the binary system, 75Li,S25P,S5 (mol%) (LizPS,) crys-
talline phase is the most chemically stable and likely to be one of
the most suitable electrolyte materials for use in all-solid-state
batteries with metal lithium negative electrode [8—10]. LizPS,
has three kinds of crystal structures in the phase diagram, includ-
ing «, (3, and y phases. The stable y phase with a low ionic
conductivity of 3x 1077 S ecm ™' at room temperature would
transform to the metastable 3 phase with the fast lithium-ion
transport path when heated to 195 °C, and then transformed to
the even higher temperature « phase at 473 °C. Reversely, as the
temperature cools down to room temperature, o« phase would
revert back to the 'y phase directly [11]. For bulk Li;PS,, the
desired 3 phase with high ionic conductivity cannot exist steadily
at room temperature [11]. However, as the Li;PS, size decreases
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to nanoscale, its crystalline property changes significantly [9].
Liu et al. [9] first reported the preparation of a room-
temperature stable nanoporous (3-Li;PSy solid electrolyte by lig-
uid phase synthesis, and its ionic conductivity reaches 1.6 x
107*S-em™!, which is three orders of magnitude higher than bulk
v-Li5zPS,. With the similar process, various sulfide solid electro-
lytes such as 3-Li;PS4, Li;P5S;;, and Li;P,Sgl have been syn-
thesized via wet chemical method.

As a mild and economical preparation method for the Li,S-
P,Ss solid electrolyte, wet chemical method has attracted much
attention in recent years [12]. It can effectively prepare nanopar-
ticles with controllable particle size and morphology by utilizing
the diversity and controllability of the solution. In a typical wet
chemical synthesis, the starting materials (e.g., Li,S and P,Ss) are
dispersed in organic solvents, such as tetrahydrofuran (THF) [9,
13], acetonitrile (ACN) [14], 1,2-dimethoxyethane (DME) [15],
ethyl acetate (EA) [16], and ethyl propionate (EP) [17], and can
react with each other to obtain the desired solid electrolyte. In the
wet chemical method, with the solvent removal and subsequent
crystallization process, heat treatment plays a vital role in the
synthesis of Li,S-P,S5 solid electrolyte and the improvement of
its performance. Yubuchi et al. [18] revealed the effects of heat
treatment on the crystallinities and ionic conductivities in the
synthesis process of argyrodite sulfide—based solid electrolytes
with THF and ethanol and showed that the ratio of the amor-
phous and crystal phases strongly affects the conductivity of the
argyrodite electrolyte. Nevertheless, to the best of our knowl-
edge, there is almost no systematic and comprehensive studies
on the influences of heat treatment on the morphology, structural
composition, and electrochemical performance of sulfur-based
solid electrolytes (especially LisPS,), as well as their interrela-
tionships, which is very important to deepen the understanding of
heat treatment effects in electrolyte properties.

Most of the solvents used in the synthesis of the Li,S-P,S5
system electrolyte are oxygen-containing polar organic lig-
uids, and it is unavoidable to bring oxygen into the solid
electrolytes [19]; that is, it is impossible to obtain absolutely
pure oxygen-free electrolytes. Based on this, we used P,Os as
the oxygen source to study the influence of different oxygen
doping levels on the ionic conductivity of 75Li,S-(25-x)P,Ss:
xP,Os5 (x=0, 1, 2, 3, 5 mol%) electrolytes, and the effects of
heat treatment on the structure and electrochemical properties
of 75Li,S-23P,S5:2P,05 with optimized oxygen doping were
investigated and discussed based on the thermal stability, mor-
phology, and crystal phases.

Experiment
Material synthesis and characterization

In a typical synthesis, stoichiometric amounts of Li,S (99.9%,
Alfa Aesar), P>S5 (> 99%, Sinopharm Chemical) and P,Os
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(99.99%, Macklin) as raw materials were mixed in anhydrous
tetrahydrofuran (THF, 99.5%, extra dry with molecular
sieves, H,O content of < 50 ppm, Energy Chemical) in an
argon-filled glove box (O, and H,O content of < 0.1 ppm).
The mixtures were then stirred for 24 h at room temperature.
The white precipitation was separated by centrifuge with
5000 rpm for 5 min and washed with THF three times. As-
synthesized precipitation was dried under vacuum at room
temperature for the removal of excess THF. The obtained
white powder is denoted as LPSO-THF. Then, the LPSO-
THF sample was sequentially dried at 80, 90, 100, 120, and
140 °C for 10 min under vacuum to remove the residual THF.
The crystalline electrolyte 75Li,S+(25-x)P,S5xP,05 (x=0, 1,
2, 3, 5 mol%) was obtained by heating the dried sample at
140 °C for 1 h. Heat treatments of the dried sample with
optimal oxygen doping amount were conducted in a quartz
tube furnace filled with argon gas at different temperatures of
140, 200, 260, 320, 380, 440, and 500 °C (labeled as LPSO-
140, LPSO-200, LPSO-260, LPSO-320, LPSO-380, LPSO-
440, LPSO-500 samples), respectively, for 1 h.

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were performed using a synchronous
thermal analyzer (TGA-DSC, STA 499 F3, NETZSCH) under
a stream of dry nitrogen with a heating rate of 5 °C min .
Nitrogen adsorption and desorption isotherms were measured
at — 196 °C, using a TRISTAR II 3020M analyzer utilizing
Barrett-Emmett-Teller (BET) calculations for surface area
from the desorption branch of the isotherm. SEM images were
conducted on a cold field emission scanning electron micro-
scope (SEM, Hitachi SU-8010). Structures of the prepared
powders were characterized using X-ray diffraction (XRD,
D8 Advance, Bruker) with copper K« radiation (A=
1.54178 A). Diffraction data were collected in 0.02° steps
from 7° to 50° in 26. The structural units of samples were
identified by using a microlaser Raman spectrometer
(Raman, JY HR-800, Horiba) with a 514-nm laser. All char-
acterizations were handled with special care to avoid contact
with air and moisture.

Electrochemical testing

The ionic conductivity of the pelletized samples was measured
by electrochemical impedance spectroscopy (EIS). The solid
electrolyte powders (0.1 g) were pressed under 499 MPa in a
polycarbonate-made tube with a 10-mm diameter at room
temperature. Stainless steel (SUS) rods were used as blocking
electrodes on both sides of the pellets. EIS was carried out
using an electrochemical workstation (660E, CHI) in the fre-
quency from 1 Hz to 1 MHz at the amplitude of 5 mV over a
temperature range of — 55 to 80 °C and the sample was held at
each temperature for 1 h prior to the impedance measurement.
The typical SUS/solid electrolyte (SE)/SUS cells were also
served for the electronic conductivity measurements to
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determine the dominant mobile ions in the sample compared
with the ionic conductivity, and the cells were applied a con-
stant DC voltage 1 V and the current was recorded.

The interfacial stability of metal lithium electrode with typ-
ical electrolyte pellets was investigated by monitoring the
voltage evolution in symmetrical Li/SE/Li cells by a battery
test system (CT2001A, LAND) with a current density of
0.1 mA cm 2 at room temperature. The symmetrical Li/SE/
Li cells were assembled by cold-pressing process as same as
EIS test. These cells were then transferred to our home-made
mold at a lower pressure by thread and put into an argon-filled
thermotank in order to avoid the effects of ambient tempera-
ture changes. The electrochemical stability of the pelletized
electrolytes was evaluated by cyclic voltammetry (CV). A
300-nm-thick gold film deposited on aluminum foil by mag-
netron sputtering as the working electrode was attached to one
side of the pellet. A lithium foil serving as the counter/
reference electrode was also attached to the other side of the
pellet. The potential sweep was performed with a scanning

rate of 1 mV s ! between — 0.5 and 5 V at room temperature.
All testing processes were conducted at an argon atmosphere.

Results and discussion
Oxygen doping

Figure la displays the XRD patterns of the 75Li,S-25P,Ss
sample dried at different temperatures and 75Li,S-(25-
X)P,S5:xP,05 (x=0, 1, 2, 3, 5 mol%) samples heat-treated at
140 °C for 1 h. No obvious peaks are detected for dried
75Li1,S-25P,S5 sample, indicating its amorphous state.
Similarly, all dried 75Li,S-(25-x)P,S5xP,05 (x=1, 2, 3,
5 mol%) samples also show amorphous features (not shown).
Then, the obtained amorphous powders were heat-treated at
140 °C for 1 h. As shown in Fig. 1a, their several crystalline
peaks indicate the formation of crystalline phase. The XRD
patterns of all heat-treated samples can be well indexed to the
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Fig. 1 a XRD patterns and b the corresponding Raman spectra of the
dried 75Li,S-25P,S5 sample and heat-treated 75Li,S-(25-x)P,S5:xP,0s5
(x=0, 1, 2, 3, 5 mol%) samples. ¢ The variation of room-temperature

ionic conductivities and the average crystallite size with the value of x in
75L1,S:(25-x)P,S5:xP,05
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crystalline phase 3-LisPS; (JCPDS 76-0973) and no other
phases are detected. In addition, it is worth noting that com-
pared with the sample with x =0, the XRD peak intensity of
the doped P,O5 samples is obviously increased, implying that
the crystallinity of the sample may be changed. Therefore, we
fitted the XRD patterns and calculated the average crystallite
sizes of the 75Li,S-(25-x)P,S5:xP,05 electrolyte samples ac-
cording to the Scherrer equation, as shown in Fig. 1c. As the
doping amount of P,Os increases from x =0 to 2, the average
crystallite size of the 3-Li;PS, crystal increases significantly,
and then decreases slightly with further increase to x = 5. This
implies that under the same conditions, the incorporation of a
small amount of P,O5 enhances the crystallinity of (3-Li3PSy,
while even higher doping amounts could be detrimental to its
crystallinity, consistently with the results obtained by mechan-
ical milling [20].

The Raman spectra were employed to further elucidate the
structure variations of a series of electrolytes, as demonstrated
in the Fig. 1b. It can be seen that in the 150-300 cm ™' region,
there are three peaks at 176, 221, and 284 em ! forx=0, 1,
5 mol% that are deformation modes of S-P-S in PS437 units
[21-24]. Moreover, we noticed that the Raman spectra of
samples of x =2, 3 mol% and dried samples do not show the
peak at 176 cm ™', The reason is not yet clear. However, the
appearance of the peak at 176 cm™ ' in this study seems to be
random and not affected by the P,Os doping content. More
importantly, the characteristic peak of the PS,> units’ sym-
metric stretching at around 418 cm ' is observed in electrolyte
samples for all compositions (x =0, 1, 2, 3, 5 mol%) [9, 21,
25]. This results suggest that a small amount of P,Os (x <
5 mol%) doped into the 75Li,S-25P,S5 system does not
change the existence of PS,>” units and no other groups are
detected in the wide range of 100~1000 cm ™' under the limi-
tation of the Raman spectra, which agree with previous reports
[20, 25].

In order to evaluate the effect of P,O5 doping on ionic trans-
port behavior, we measured the ionic conductivities of obtained
75L1,S+(25-x)P,S5:xP,0O5 crystalline samples at room tempera-
ture. The dependence of lithium-ion conductivities on the value
of x in 75Li,S-(25-x)P,S5:xP,05 is shown in Fig. lc. As the
doping amount of P,Os increases, the ionic conductivity of
75Li,S:(25-x)P,S5xP,05 electrolyte increases rapidly to the
maximum peak value of 2.53 x 10*Sem 'atx= 2, and then
decreases with further increasing x to 5. As is well known, {3-
LisPS, phase is a good lithium ionic conductor, and its large
interstitials constructed by the zig-zag arrangements of the PS,
tetrahedra facilitate the movement of lithium ions [11]; thus, 3-
LizPS, phase with high crystallinity is beneficial to the en-
hancement of ionic conductivity [9, 26]. Consequently, when
x increases from 0 to 2, the ionic conductivity of the sample
increases significantly. Moreover, it was also reported that the
doped oxygen in 3-Li;PS, acts as a connector of 2D paths,
driving the transport of ions from two-dimensional to three-
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dimensional, which can significantly improve the ionic conduc-
tivity [27]. When the P,Os doping amount is further increased
to 5 mol%, the crystallinity of the sample only slightly attenu-
ates, yet the ionic conductivity is obviously reduced. In addition
to the effect of crystallinity, an even larger substitution amount
could form oxysulfide units and PO, units with non-bridging
oxygen, which work as strong traps for lithium-ion conduction
[28]. Therefore, the highest conductivity is obtained at a low
doping amount of x =2.

As reported, an appropriate amount of oxygen doping can
simultaneously improve the ion transport properties and room-
temperature structural stability of the crystalline (3-Li;PS, solid
electrolyte [27, 29, 30]. For the ion transport properties, the
combination of the bond-valence method and the density func-
tional theory calculation reveals that oxygen doping at sulfur
site significantly improves the kinetic properties [29]. It is easier
for lithium to jump around oxygen atom because there is a
larger space around oxygen than around sulfur. The radial dis-
tribution function results of Klerk et al. [30] also show that
oxygen doping changes the distribution of lithium ions in the
crystal, which is beneficial to the diffusion of lithium ions in 3-
LisPS,4. For the room-temperature structural stability, Wang
et al. [27] calculated the total energies of (3-Li;PS, and y-
LizPS, structures with different oxygen doping concentrations
in order to compare the phase stability of 3 and 'y phases. Their
results showed that as the oxygen doping concentration in-
creases, the 3 and 7y phases gradually exhibit close energies,
and the 3 phase energy of Li3PS; 750 »5 is even lower than that
of the y phase by 0.002 eV per formula unit; in other words, the
3 phase doped with 2.5 mol% oxygen can theoretically be
stabilized at room temperature. This doping amount is quite
close to the optimal doping amount of 2 mol% in this study.
In addition, from the XRD patterns in Fig. 1a, it can be seen that
all doped crystalline samples contained room-temperature sta-
ble 3 phase, which may be due to the combined effect of oxy-
gen doping and the nanoporous structure brought about by wet
chemical method [9].

Heat treatment
Structure and morphology

As discussed above, x =2 was selected as the optimal doping
amount. Based on this, the effects of heat treatment on the
structure and electrochemical properties of 75Li,S-23P,S5-
2P,05 are systematically studied. Figure 2 shows the TGA-
DSC curves of the LPSO-THF sample dried under vacuum at
room temperature. As shown, the DSC curve displays two
distinct endothermic peaks at around 90 °C and 140 °C ob-
served on overall heating process from room temperature to
550 °C, which associated with the weight loss due to the
removal of THF. The corresponding TGA curve shows that
the two losses of the sample weight account for 35.54% and
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Fig. 2 TGA-DSC curves of the LPSO-THF sample at 5 °C min™' under
N>

8.33% of its initial weight, respectively. After the temperature
increases over 320 °C, a sustained release of heat is observed
from the DSC curve, and in the corresponding TGA curve, the
weight decreases slowly. This indicates that the sample un-
dergoes an exothermic decomposition process when the heat
treatment temperature exceeds 320 °C.

The XRD patterns and Raman spectra of the powder sam-
ples obtained at different heat treatment temperatures are re-
corded and depicted in Fig. 3. As shown in Fig. 3a, indexed
XRD patterns of the LizPS,; (JCPDS 76-0973), LisP,Sq
(JCPDS 76-0992), and Li,S (JCPDS 77-2145) phases are at-
tached for comparison. The patterns can be well indexed to the
single (3-LizPS, phase in the samples heat-treated at 140, 200,
260, and 320 °C. As the heat treatment temperature increases
from 140 to 320 °C, the crystallization peak strength increases
gradually. With a further increase of the temperature, Li4,P,S¢
and Li,S phases are simultaneously observed. As reported,

both the LisP,S¢ and Li,S phase exhibit extremely low
lithium-ion conductivity at room temperature, and they are
not conductive to improve the ionic conductivity of the elec-
trolytes [31, 32]. In addition, it is noteworthy that when the
heat treatment temperature reaches 500 °C, the obtained
Li3PS, is still 3 phase, rather than the low Li-conductive y
phase as reported by Chen et al. [33] for heat treatment above
400 °C. This could be attributed to the role of oxygen doping
to stabilize the 3 phase structure [27].

The structure variations of the electrolytes were further
illustrated by the Raman spectra, as demonstrated in the Fig.
3b. All samples show a peak at around 418 cm ', which be-
longs to symmetric stretching of the P-S bonds in the PS>
units [21]. The samples heated at 380, 440, and 500 °C show
additional peaks at around 376 and 382 cm ', which could be
attributed to the motion of the Li sublattice in the Li,S unit and
symmetric stretching of the P-S bonds in the P,S¢* units of
LiyP,S, respectively [10, 21]. Moreover, as the heat treatment
temperature increases, the intensity of the Li,S and P,S¢*
peaks increases gradually, while that of the PS,>~ peak de-
creases. This is consistent with the XRD results in Fig. 3a.

Figure 4 displays the morphologies of as-prepared powder
samples treated at different temperatures. Figure 4a to h cor-
respond to the sample LPSO-THF to LPSO-500, respectively.
It can be seen from Fig. 4a that the sample LPSO-THF is
mainly composed of irregular block-like particles, and the
surface of the particles is smooth and non-porous because
abundant THF molecules remain in the sample. After vacuum
drying and heat treatment at 140 °C, the THF molecules are
removed, and the electrolyte particles aggregate and integrate
to form block-like particles with an average size of about
10 pum, as shown in Fig. 4b. Furthermore, a large number of
slit-shaped pores are observed on the surface of these particles
from the inserted image, which is attributed to the removal of

Fig. 3 a XRD patterns and b the (a)
corresponding Raman spectra of
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Fig.4 SEM images of samples a LPSO-THF, b LPSO-140, ¢ LPSO-200, d LPSO-260, e LPSO-320, f LPSO-380, g LPSO-440, and h LPSO-500. The

inserted image in the lower left corner is a high-magnification of the surface of the electrolyte particles

solvent molecules and the aggregation of nanocrystals. With
the temperature increasing from 140 to 320 °C, the morphol-
ogy of the electrolyte particles is little changed, but the density
of slit-shaped pores on the particle surface slightly diminishes.
When temperature further increases to 500 °C, the particle size
significantly reduces, and the surface slits almost disappear,
which is related to the particle breakage caused by slit or crack
propagation at elevated temperature.

We conducted nitrogen adsorption and desorption mea-
surements to further examine the porous properties of the sul-
fide electrolyte samples heat-treated at different temperature.
As shown in Fig. Sa, nitrogen adsorption/desorption isotherms
of all samples are identified as a type III isotherm with a type
H3 hysteresis loop [34], which does not exhibit any limiting
adsorption at high relative pressures. And this is consistent
with the characteristic of mesoporous materials. Obviously,
nitrogen volume adsorbed rapidly drops with the heat treat-
ment temperature increasing. Moreover, The BET surface ar-
ea of these samples was calculated from nitrogen isotherms at

—196 °C, and the heat treatment temperature dependence of
the BET surface area is exhibited in Fig. Sb. At 140 °C, the
BET surface area of the sample is 28.734 m? g ', which is
much higher than that of (3-Li;PS, obtained at the same
heating temperature in the reference [9]. This could be attrib-
uted to the process of drying step by step under vacuum to
further remove the solvent. As the heat treatment temperature
increases from 140 to 500 °C, the BET surface area of the
sample gradually decreases and eventually remains at a lower
stable level. This is consistent with the variation of the pores
on the surface of particles observed from the SEM in Fig. 4.

Electrochemical properties

The ionic conductivities of the electrolyte samples heat-
treated at various temperatures were evaluated by EIS mea-
surement. Figure 6a displays the Nyquist plots of the electro-
lyte pellets at room temperature. The Nyquist plots of the
LPSO-380, LPSO-440, and LPSO-500 samples consist of an
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Fig. 5 a Nitrogen adsorption (solid lines) and desorption (dashed lines) isotherms and b heat treatment temperature dependence of BET surface area of
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arc at high frequency due to the interface transfer resistances
and a capacitive tail at low frequency due to the ionic diffusion
at the electrode interface [35]. The total resistance (bulk and
interface transfer resistances) is used to calculate the ionic
conductivity. In addition, the Nyquist plots of the LPSO-
140, LPSO-200, LPSO-260, and LPSO-320 samples do not
exhibit the full arc at high frequency due to the lower resis-
tance. The resistance is estimated by the value of Z” at the
intercept with the real axis obtained by linear fitting.

Figure 6b shows the ionic conductivity of electrolytes at
room temperature as a function of heat treatment tempera-
tures. As the heat treatment temperature increases from 140
to 320 °C, the ionic conductivity of the electrolyte first de-
creases slightly and then increases, reaching a maximum of
2.72x10*S cm™" at 320 °C. The variation trend is unexpect-
ed, and it may be attributed to two factors BET surface area
and crystallinity of the sample. The surface conductivity of
nanoporous 3-LisPS, declines with the decrease of BET sur-
face area [9] and the increase of electrolyte crystallinity is
conducive to improve the ionic conductivity in the bulk lattice
of 3-LizPS,4 phase [26]. Their combined effect may be ulti-
mately responsible for the variation of ionic conductivity be-
tween 140 and 320 °C. As the heat treatment temperature
exceeds 320 °C, the ionic conductivity of the sample drops
rapidly. This is assigned to the decomposition of 3-LizPS,
crystal and the formation of poor lithium ionic conductivity
materials LisP>S¢ and Li,S.

It has been reported that high electronic conductivity
promotes the formation and growth of lithium dendrites in
Li;La3Zr,O;, and amorphous Li;PS, solid electrolytes;
therefore, lowering the electronic conductivity of solid
electrolytes is critical for the success of all-solid-state lith-
ium batteries [36]. To evaluate the electronic blocking
property, we measured the electronic conductivities of
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electrolyte samples heat-treated at various temperatures
by a DC polarization measurement at room temperature.
Figure 7a shows the current-time curves of the SUS/SE/
SUS symmetric cells with an applied voltage of 1 V. All
cells exhibit the similar behaviors. The current quickly
decreases in the initial stage due to the polarization pro-
cess and then reaches a steady state. At this steady state,
the current is originated only from the contribution of the
electrons. The electronic conductivity of electrolytes de-
termined by this approach as a function of heat treatment
temperatures is shown in Fig. 7b. Interestingly, the varia-
tion trend of the electronic conductivity is opposite to that
of the ionic conductivity of electrolytes in Fig. 6b.
Analogous phenomenon was also found in report of Yu
et al. [37] who investigated the effect of doping amount of
the LiO,-Si0,-B,05 glass on ionic and electronic conduc-
tivity of solid electrolyte LigsLag sTiO5 prepared by
solid-state reaction method. However, there is still no rea-
sonable explanation for this phenomenon, and further re-
search is needed. The electronic conductivities of the rep-
resentative LPSO-140, LPS0O-320, and LPSO-500 sam-
ples are 7 x 107, 48%x107°, and 6.4x10% S cm ™', re-
spectively, which are much lower than their ionic conduc-
tivities measured by AC impedance method, indicating
that the prepared samples are good ionic conductors
[16]. More importantly, among all the samples, the
LPSO-320 sample has the lowest electronic conductivity,
which may be favorable to suppress the formation and
growth of lithium dendrites in the solid electrolytes in
the DC polarization [36].

Figure 8a shows the Arrhenius conductivity plots of the
representative LPSO-140, LPSO-320, and LPSO-500 sam-
ples measured in the temperature range from — 55 to 80 °C.
The activation energies of samples for lithium-ion conduction
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Fig. 6 a Nyquist plots of the electrolytes treated by heating at various temperatures and the inset is amplified image of the rectangular area and b the
room-temperature ionic conductivity of electrolytes as a function of heat treatment temperatures
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Fig. 7 a Current-time curves of SUS/SE/SUS symmetric cells applying a DC constant voltage of 1 V and the inset is amplified image of the rectangular
area and b the room-temperature electronic conductivity of electrolytes as a function of heat treatment temperatures

were calculated from the slopes of the linear plots using the

following Arrhenius equation:

where E, is the activation energy, A is the pre-exponential
factor, k is the Boltzmann constant, and 7 is the absolute
temperature. The calculated activation energies of the LPSO-

0 = A exp(~Ea/kT) (1) 140, LPSO-320, and LPSO-500 sample are 29.89, 32.37, and
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Fig. 8 a Arrhenius plots for the representative LPSO-140, LPSO-320,
and LPSO-500 samples tested from — 55 to 80 °C. b CV curves of Li/SE/
Aucells at a scan rate of 1 mV's ! between — 0.5 and 5 V (vs. Li/Li*). The
insert is a partial enlarged image of the CV curves in the high potential
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36.76 kJ mol !, respectively. The LPSO-140 sample has the
lowest activation energy among the three samples, which is
originated from its high surface energy due to a large BET
surface area, resulting in a lower energy barrier for lithium-ion
conduction [38, 39]. Although the activation energy of the
LPSO-320 sample is slightly higher than that of the LPSO-
140, it is still lower than that reported in the literature [9, 14,
40, 41]. The highest activation energy is obtained in the
LPSO-500 sample because of the generation of impurity
phases LisP,S¢ and Li,S. It is believed that the impurity
phases in solid electrolytes would lead to the high activation
energy [13, 26]. Moreover, the LiyP,S¢ glass-ceramic electro-
lyte exhibited a high activation barrier of 46.26 kJ mol ' ac-
cording to the report of Dietrich et al. [31].

In order to test the electrochemical stability of the represen-
tative LPSO-140, LPSO-320, and LPSO-500 solid electro-
lytes, the Li/SE/Au cells were assembled, in which Li and
Au serve as the reference/counter and working electrodes,
respectively. Figure 8b displays CV curves of the Li/SE/Au
cells in a potential range from — 0.5 to 5 V versus Li/Li* at a
scan rate of 1 mV s '. As shown, the cathodic currents corre-
sponding to lithium deposition start at potentials just below
0.2 V as indicated by the red dotted line because of the for-
mation of Li-Au alloys at the Au working electrode [42]. The
anodic currents ascribed to lithium dissolution are derived
from the de-alloying reactions of Li-Au alloys, and the three
clear current peaks in the range from 0.2 to 0.6 V correspond
to the following three-phase transitions: LisAu to LisAus,
LisAus to LizAu,, and LizAu, to LizAus [43]. Except for the
lithium deposition and dissolution, no other significant reac-
tions are observed in the scanning voltage range. This means
the electrochemical window of the obtained sulfide solid elec-
trolyte is up to 5 V. In addition, in the CV curves, the peak
strength of the three samples is consistent with their ionic
conductivities.

Furthermore, we assembled the symmetric Li/LPSO-140/
Li, Li/LPSO-320/Li, and Li/LPSO-500/Li cells to evaluate the
cyclability and long-term compatibility of electrolytes with
metallic lithium. Figure 8c shows the voltage profiles of the
symmetric cells cycled at 0.1 mA ¢cm 2. The Li/LPSO-500/Li
cell with the largest impedance exhibits the highest initial
voltage of 160 mV and a gradual voltage decay after 30 h,
and then the voltage suddenly drops at 95 h, which is consid-
ered to be a dendrite-induced short circuit. The internal short
circuit would be attributed to the existence of LisP,S¢ in the
LPSO-500 electrolyte. The experiments by Hood et al. [44]
showed that the buffer layer at Li4P,S¢/Li interface is very
fragile, which is easier to be destroyed than the Li;PS,/Li
system.

In contrast, both Li/LPSO-140/Li and Li/LPSO-320/Li
cells present relatively stable voltage profiles and longer life
over 1000 h, demonstrating that the LPSO-140 and LPSO-320
electrolyte have excellent stability with metallic lithium.

Specifically, due to the difference of ionic conductivity, the
polarization voltage of the cell Li/LPSO-140/Li is slightly
higher than that of Li/LPSO-320/Li at a current density of
0.1 mA cm 2. According to the equations:

c=dxI/(SxU) (2)

where o is the conductivity, d is the thickness of electrolyte
pellet, / is the current, S is the area of electrolyte pellet, and U
is the voltage, the direct-current conductivity of the symmetric
cells L/LPSO-140/Li and Li/LPSO-320/Li at room tempera-
tureis 1.97x 10 *Sem ' and 222 x 104 S cm ™!, which are
closed to that of the electrolyte evaluated by AC impedance
(Fig. 6). In addition, it is noticed that the increasing rate
of polarization voltage in the Li/LPSO-320/Li cell is slower
than that in the Li/LPSO-140/Li cell. This could be ascribed to
high crystallinity and stable crystal structure of the electrolyte,
facilitating the formation of a more stable buffer layer at 3-
Li;PS4/Li interface, which can protect the electrolyte surface
from deterioration.

Conclusions

75Li,S:(25-x)P,S5:xP,05 (mol%) solid electrolytes were suc-
cessfully prepared by wet chemistry method. The XRD results
show that the crystalline phase (3-LizPS, is obtained for all
compositions (x=0, 1, 2, 3, 5 mol%) and their average crys-
tallite size is also calculated according to the Scherrer formula.
The room-temperature lithium-ion conductivity of 75Li,S-
25P,Ss5 could be enhanced by the incorporation of P,Os, and
the electrolyte substituted with 2 mol% P,Os exhibited the
highest ionic conductivity of 2.53 x 10™* S cm ™" at room tem-
perature. Subsequently, influences of heat treatment on the
structure and electrochemical properties of 75Li,S-23P,Ss-
2P,05 electrolyte were systematically investigated. When
the heat treatment temperature is between 140 and 320 °C,
only (3-Li;PS, phase is detected in the sample. The LPSO-
140 shows a lower activation energy of 29.89 kJ mol !, which
could be attributed to its high surface energy due to a large
BET surface area. The LPSO-320 exhibited the highest ionic
conductivity of 2.72 x 107* S cm™ !, the lowest electronic con-
ductivity of 4.8 x 10 S cm™' at room temperature, and ex-
cellent cyclability with the metallic lithium. As the tempera-
ture exceeds 320 °C, the electrolyte partially decomposes
into low lithium-ion-conducting phases LiyP,S¢ and Li,S,
resulting in a rapid decrease in ionic conductivity. This study
shows that the heat treatment process is an effective method
on the improvement of stability and ionic conductivity of the
sulfide-based solid electrolytes.
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