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Abstract

Isovalent and aliovalent cation-doping have been widely investigated to enhance ion
transport in y-LisPOs-type lithium superionic conductors (LISICONs). Anion doping,
however, has been restricted to a full replacement of oxide ions by sulfide ions in some
compounds (the so-called thio-LISICONs). The replacement of oxide ions by sulfide ions
enhances both ion conductivity and deformability of the materials. Similar to other sulfide-
type solid-electrolytes, thio-LISICONs, however, showed limited electrochemical stability
against oxidation. In this report, a sonication-assisted liquid-phase synthesis approach
was employed to achieve substantial sulfur-oxygen mixing in y-type LisPO4. Sulfur-doped
LizPO4 possessed an ion conductivity four orders of magnitude higher than that of
v-LisPO4, and a notably low activation energy of ion transport of 0.40(8) eV. Sulfur-oxygen
mixing in sulfur-doped LizPO4 enhanced electrochemical stability against oxidation (up to
4 V vs. Li*/Li) compared with sulfur-based LizPSa. This study paves the way for developing
mixed-anion phases in the y-type LisPOs structure with enhanced electrochemical pro-
perties for all-solid-state battery applications.

Keywords
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Introduction

All-solid-state Li-ion batteries allow safer and more reliable energy storage compared to
conventional Li-ion batteries [1]. A Li-ion solid-state electrolyte is a key component in these
batteries. In addition to fast ion conduction, a promising solid-state electrolyte for all-solid-state
battery applications will have good mechanical properties that enable a facile formulation of bulk-
type solid-state cells and good electrochemical stability (in contact with high-voltage cathodes
and/or Li anodes) that enables stable and high performance of the cells [1,2]. Oxide-type solid
electrolytes such as LISICONs, NASICONs and lithium garnets possess enhanced electrochemical
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stability windows compared with other types of solid electrolytes such as sulfides [3,4], which offers
more opportunities to realize stable, high-performing all-solid-state cells. While sulfides are ductile
and easily form dense cathode composites by cold/warm pressing, oxides are brittle and often
experience mechanical failure through cracking. Efforts have been devoted in the last few decades
to improving Li-ion conductivity in different oxides [5,6], with aliovalent doping being the main
approach in these studies. Manipulating the deformability of Li-ion conducting oxides has also
recently received considerable interest in literature [7,8].

y-LisPOs-type lithium superionic conductors (LISICONs) form an important family of oxide-type
solid electrolytes, which have been extensively studied. Isovalent and aliovalent doping in this
system enables an enhancement of the ion conductivity from < 102° S cm™ in parent materials (e.g.
LisPOa, LisVOa, LiaGeOs and LisSiO4) to ~10°® S cm™in mixed-cation systems [9-11]. Optimum conduc-
tivities have recently been reported in complex cation systems such as Liz.s3(Geo.75P0.25)0.7V0.304 [9]
and Liz63(Geo.6V0.36Gao.04)04 [11]. Like other oxide-type solid electrolytes, LISICONs are stiff ceramics
and difficult to integrate into practical all-solid-sate batteries. Another approach to manipulate both
ion conductivity and mechanical properties of LISICONs is to dope the materials at the oxygen sites.
A full replacement of oxide ions by softer anions such as sulfide ions has been achieved in the so-
called thio-LISICONs [12,13], which showed enhanced ion conductivities and good deformability.
Thio-LISICONs, however, similar to other sulfide-type solid electrolytes [3], are not compatible with
conventional cathodes due to limited electrochemical stability at high and moderate voltages. These
findings have motivated a search for new phases with good ion transport properties and consider-
able electrochemical stability. One approach is the development of mixed-anion phases. Oxygen
doping in B-type LisPSs, for example, has been suggested by calculations [14-16] to enhance the
electrochemical properties of LizsPSs. However, a few examples of this doping have been realized by
experiment [17-20]. In these experimental studies, phases with small oxygen contents that adopt
either B-type LisPSa structure or LiioGeP,S12 (LGPS)-type structure have been achieved [17-20].
These studies also revealed a great challenge in synthesizing these materials, which is often non-
scalable and results in multiple phases. To the best of our knowledge, very limited success has been
achieved in developing mixed oxide-sulfide phases with y-LisPO4 LISICON-type structure. Here, we
report a liquid-phase synthesis approach of sulfur-doped y-LisPOa. Liquid-phase synthesis enhances
the scalability of the synthesis process and allows the formation of novel phases at low-temperature
sintering [21,22]. The synthesized sulfur-doped y-LizPO4 possessed good deformability and can be
densified by cold-pressing, enabling ion conductivity that is several orders of magnitude higher than
that of the parent y-LisPOs compound. Sulfur-doped y-LisPO4 also showed enhanced electrochemical
stability compared with the sulfur-based B-LisPSs compound.

Experimental

Synthesis

Lithium sulfide and phosphorus pentoxide were used as starting materials to synthesize sulfur-
doped LisPO4. The two materials were mixed in 3:1 molar ratio in tetrahydrofuran (THF) in an argon-
filled glovebox. The solid materials to solvent ratio of the mixture was ~0.04 g/ml. The mixture was
stirred at room temperature for 4 days with intermediate sonication steps (for a total of ~16h). The
THF solvent was then removed by evaporation at 80 °C, and the solid precursor was further dried
under vacuum at 80 °C for 12 h. The solid precursor was then heated under argon at 400 °C for 24 h
and stored in argon-filled glovebox.
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Characterizations

X-ray powder diffraction (XRD) data were collected using a PANalytical X'Pert PRO diffractometer
in a reflection mode and using Cu-Ka radiation. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) studies were performed using an FEI Inspect F50 electron
microscope. IR spectra were recorded using a Shimadzu IR affinity spectrophotometer. Electro-
chemical impedance spectroscopy (EIS) studies were performed on cold-pressed pellets, employing
very thin Al-foil discs as electrodes. The measurements were conducted in Swagelok cells assembled
under an argon atmosphere, and the data were recorded using a Biologic SP-150 Potentiostat. Prior
to each AC impedance measurement, the cells were equilibrated at the same temperature for one
hour and then data were recorded in the frequency range of 1 MHz to 1 Hz, with an electrical
perturbation of 40 mV. To test the electrochemical stability window of the studied materials,
asymmetric cells of In/SE/SE-C were constructed by cold pressing (SE is either sulfur-doped LisPO4
or LisPS4). SE-C composites were initially prepared by mixing either sulfur-doped LizPOa4 or Li3PSa
with carbon black (15 wt.%) using a pestle and mortar. Three-layer cells of indium foil, 80 mg SE and
3 mg of the SE-C composite were uniaxially pressed at ~250 MPa for 30 s. Indium foil was thinned
(on a thin Cu-foil disc) before use. Thin Cu-foil and Al-foil discs were employed to support the cell
and to collect the current from the anode and the cathode sides, respectively. The assembled cells
were studied by cyclic voltammetry (CV) in Swagelok cells at 80 °C using a BiolLogic VMP-300
Potentiostat, using a scan rate of 0.1 mV s in the voltage range 0-2.6 V vs. In/InLi (~0.6-3.2 V vs.
Li*/Li). The room temperature equilibrium redox potential of the In/InLi electrode within the
(In—InLi) two-phase region (or, more precisely, the Li*/(In-InLi) electrode) is 0.62 V vs. Li*/Li [23].

Results and discussion

Solvent-mediated reactions (or the so-called liquid-phase synthesis) have recently been pro-
posed as a facile, scalable approach to synthesize Li-ion solid-state electrolytes such as sulfides [21].
One of the earliest examples of these reactions is the reaction between Li;S and P,Ss in THF to
prepare fast-ion conducting B-type LisPSas [22]. Our attempts to achieve substantial sulfur-oxygen
mixing in LisPO4 by reacting Li;S and P,0s in THF were initially hindered by the slow kinetics of the
reaction due to relative inertness of P,Os compared with P;Ss. Li et al. [24], for example, have
reported an effect of small P,Os proportions (1-5 mol %) on the crystallite sizes of B-type LisPSa
synthesized by reacting P,Ss and Li;S in THF, with no direct evidence of appreciable oxygen
incorporation in the material. In this study, the reaction between Li,S and P;0s in THF was
accelerated by ultrasonic irradiation, leading to a substantial mixing of sulfur and oxygen in LizPOa.
Figure 1 shows SEM images of the reaction mixture at different reaction stages. During the course
of the reaction, micrometer-sized P,0s particles are gradually converted into nanostructured
architectures of a new mixed oxygen-sulfur phase. The oxygen-to-sulfur ratio in this phase, as
approximately determined by EDX, was dependent on the lifetime of the reaction, with a significant
degree of inhomogeneity throughout the material. By the end of the reaction, the nanostructured
mixed oxygen-sulfur phase has become the predominant component of the material, leading to a
more homogenous phase (denoted as LPOS) with an approximate oxygen-to-sulfur atomic ratio of
~69:31 (Figure 1c). This ratio is close to the initial stoichiometry of the starting materials
(1P20s:3Li3S; i.e., O:S atomic ratio of 62.5:37.5), which indicates that the liquid-phase reaction step
has been successful in homogenizing the reacting species in a single solid precursor. XRD analysis
indicated that this solid precursor was amorphous. The material was therefore heated under argon
at 400 °C (argon-calcined LPOS) to enhance phase formation.
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Figure 1. SEM images collected from the liquid-phase reaction mixture during the course of the reaction
(4 days), and corresponding EDX analyses indicating O:S atomic ratios. a) SEM image collected after ~24 h
showing micrometer-sized P,Os particles being converted into a nanostructured architecture of a mixed O-S

phase; b) SEM image collected after 2 days; c) SEM image collected after 4 days

The XRD pattern collected from argon-calcined LPOS is shown in Figure 2. A sample of LPOS was
also calcined in air at 400 °C and the XRD pattern is presented in Figure 2 for comparison. Air-calcined
LPOS showed an XRD pattern characteristic of y-LizPO4 [25]. Peak broadening is clearly associated with
the nanostructured morphology of the material [8,26]. The argon-calcined sample, interestingly,
showed a related XRD pattern with a significant peak shift towards lower angles. A larger lattice in the
case of argon-calcined LPOS, hence, is attributed to the incorporation of sulfur in LizPOa. The observed
peak broadening/overlapping in argon-calcined LPOS is associated with the nanostructured
morphology of the material [8,26] and/or the presence of residues of LisPOa4 [25] in the material.

—— LPOS Air-calcined
—— LPOS Ar-calcined
| v-Li,PO,

Intensity, a.u.

10 20 30 40 50
20/°
Figure 2. XRD patterns collected from LPOS samples after calcination in argon and in air (400°C).
The black markers correspond to reflections from y-LisPO4 acording to [24]
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The materials were additionally examined by FTIR spectroscopy to investigate their local
structure. Figure 3 shows the IR spectra of argon-calcined and air-calcined LPOS materials. The IR
spectrum collected from (sulfur-based) B-type LizPSs is also presented for comparison. The spectrum
of LisPS4 consisted of a strong band at 560 cm?, which is assigned to the v5 asymmetric stretching
mode of the PS4 group [27]. On the other hand, the spectrum of air-calcined LPOS displayed
characteristic peaks of the vibrational modes of the PO43 group. The strong peaks observed at 1033
and 600 cm™ are well assigned to vsasymmetric stretching and w1 bending modes of the PO4 group,
respectively [28,29]. These results are consistent with the XRD data, which suggest the formation of
y-LisPOs upon heating LPOS in air. In argon-calcined LPOS, the peak corresponding to the v, bending
mode splits into two overlapping peaks at 595 and 612 cm™. This can be attributed to a site
effect [28] due to sulfur's replacement of some oxygen in LPOS. The peak at 1033 cm™ diminishes
and a stronger (broader) peak is observed at ~970 cm™. The small peak at 1033 cm™ may be
attributed to a secondary phase of LizPOa4 in LPOS consistent with the XRD results, while we attribute
the peak at 970 cm™ to a stretching mode of mixed P(0,S)s3 groups. These results are consistent
with XRD and EDX analyses suggesting sulfur incorporation in y-LisPOa.

v, (POY) v; (POY)

= LPOS Air-calcined
N

o]

@]

3 \g LPOS Ar-calcined
< |v;(Psy)

Li;PS,
500 1000 1500 2000

Wavenumber, cm™
Figure 3. FTIR spectra of sulfur-doped LisPO, (LPOS) and LisPS4

The effect of sulfur-doping on the ion transport properties of y-LisPOs was examined by
impedance spectroscopy. The use of a low-temperature synthesis route and the novel morphology
of LPOS have enabled the densification of the material by cold pressing. The impedance spectra
collected from cold-pressed pellets of the material (at ~250 MPa) are presented in Figure 4. A typical
impedance spectrum of the material at 40 °C is shown in Figure 4b. The spectrum is composed of a
distorted semicircle in the high to intermediate-frequency range and a low-frequency spike. The
observation of a low-frequency spike is consistent with charge transport, which is mainly ionic and
corresponds to Li-ion mobility. The distorted semicircle is assigned to the total resistance (bulk and
grain-boundary resistances) of the material. The impedance data were fitted using a conventional
[RQ)/[Q] equivalent circuit of the form [R1Q1][R2Q2]Q3, where [RQ] denotes a resistance
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element (R) in parallel to a constant phase element (Q). The capacitances calculated from fitted Q1
and Q2 impedances are 46 and 150 pF, respectively. These values are consistent with contributions
from the bulk and grain-boundary resistances, respectively [30]. The resistances R1 (632 kQ) and R2
(304 kQ) account for bulk and grain-boundary resistances, respectively, suggesting a total
conductivity of the material of 0.15 uS cm™. The conductivity rises to 1.0 uS cm™ at 90 °C. Hence,
the conductivity of LPOS is approximately four orders of magnitude higher than that of the parent
y-LisPOs compound (~0.10 nS cm™ at 100 °C [31]). The material is notably densified by cold-pressing,
which gives LPOS an advantage over other doped LisPO4 phases, considering its application in bulk-
type all-solid-state Li-ion batteries. The observed grain-boundary resistance is smaller than the bulk
resistance, which indicates an enhanced ion transport at the grain boundaries and a good
sinterability of the material by cold-pressing. The activation energy (Ea) for the total conductivity of
the material (o) in the temperature range 20-90 °C (Figure 4a) is obtained from the Arrhenius plot
of o= ov ef?/RT where k is the Boltzmann constant, T is the absolute temperature and oo is the
pre-exponential factor. The Arrhenius plot is shown in Figure 4c, and suggests an activation energy
of 0.40 eV. This value is significantly lower than that observed for parent y-LizPO4 (~1.1 eV [31]) and
confirms enhanced ion transport properties in LPOS compared with the undoped material.
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Figure 4. a) Impedance spectra collected from argon-calcined LPOS at different temperatures; b) impedance
plot of argon-calcined LPOS at 40 °C, fitted using the equivalent circuit shown in the inset; c) Arrhenius plot
for the total conductivity of argon-calcined LPOS in the temperature range 20 to 90 °C

The conductivity of LPOS is lower than that reported for sulfur-based compounds (thio-
LISICONs) [12,13]. However, a mixed sulfide-oxide anion lattice in LPOS is expected to be more
stable against oxidation than sulfide-based materials [14-20]. In order to confirm this hypothesis for
sulfur-doped LisPOs, the electrochemical stability of LPOS is investigated by cyclic voltammetry and
compared with that of LisPSa (LPS). The asymmetric cells In/LPOS/LPOS-C and In/LPOS/LPS-C were
investigated by stepwise cyclic voltammetry at 80 °C. The increased temperature was essential to
enhance ion transport in LPOS. The use of LPOS-C and LPS-C composites as working electrodes
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ensures large contact areas between LPOS/LPS and carbon, which allows a reliable estimation of the
practical oxidative stability of the solid-electrolyte [32,33]. This setup is useful for investigating the
electrochemical stability of the solid electrolytes suggested for use in Li-S batteries, where contact
with carbon additives will be necessary. In the stepwise cyclic voltammetry technique [32], the
potential is swept, starting from OCV, to a specific (oxidative) potential and then back to 0.0 V vs.
In/InLi (0.6 V vs. Li*/Li), and the cycle is ended at the OCV. For sulfur-based LizPSa (Figure 5), a
reduction peak starts to evolve (at ~ 1.75 V and shifts to lower potentials) when the cut-off oxidative
potential exceeds 2.1 V vs. In/InLi. This reduction peak is attributed to the redox activity of the
decomposition products of LisPSs [32]. These results are in excellent agreement with previous
studies, which suggest an oxidative stability limit of 2.2-2.3 V vs. In/InLi for LisPSs in similar
setups [32]. LPOS, on the other hand, showed no evidence of decomposition in the same potential
range. The stepwise cyclic voltammograms of LPOS (Figure 6) showed no evidence of significant
redox activities in the scans up to 2.6 V vs. In/InLi (3.2 V vs. Li*/Li). The superior stability of LPOS in
contact with carbon in this potential range, compared with corresponding sulfides [32], makes the
material useful as a solid-electrolyte in applications such as Li-S batteries. Stepwise cyclic voltam-
mograms of LPOS at higher oxidative potentials (Figure 7) suggest good electrochemical stability of
the material up to ~4 V vs. Li*/Li. The scan up to 3.3 V vs. In/InLi showed no redox activities
corresponding to the decomposition of the material, while the scans to 3.5 and 3.9 V showed
detectable reduction peaks (arrowed in Figure 7). These results suggest that the oxidative stability
limit of the material is ~3.4 V vs. In/InLi (~4 V vs. Li*/Li).

Potential, V vs. Li
0.5 1 15 2 25 3 35
4 T T T T T T T T T T T
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Potential, V vs. In/InLi
Figure 5. Stepwise cyclic voltammograms (0.1 mV s™) for Li3sPS4 (LPS) at 80 °C, employing the In/LPOS/LPS-C
cell and oxidative potential limits of 1.7-2.6 V
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Figure 6. Stepwise cyclic voltammograms (0.1 mV s™2) for LPOS at 80 °C, employing the In/LPOS/LPOS-C cell
and oxidative potential limits of 1.7 to 2.6 V
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Figure 7. Stepwise cyclic voltammograms (0.1 mV s™) for LPOS at 80 °C, employing the In/LPOS/LPOS-C cell
and oxidative potential limits of 3.3 to 3.9 V
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Conclusions

A sonication-assisted liquid-phase synthesis approach is used to achieve sulfur-doping in y-type
LisPO4. XRD, EDX and FTIR studies indicated that the material, after calcination at 400 °Cin argon, is
composed of a sulfur-doped y-type LisPOs phase (LPOS) and a secondary phase of LizPOs. The
material retained deformability after sintering at 400 °C, which allowed the densification of the
material by cold-pressing. Cold-pressed pellets of the material showed ion conductivity four orders
of magnitude higher than that of the parent y-type LisPO4 compound. The ion conductivity of the
material at 90°C is 10® S cm™ with an activation energy of ion transport of 0.40(8) eV, compared
with ~101°S cm™ and 1.1 eV for parent LisPO4. Enhanced ion transport properties and deformability
make the material more suitable for bulk-type all-solid-state battery applications than other doped
LisPOs ceramics. A mixed sulfide-oxide anion lattice in sulfur-doped LisPOs enabled better
electrochemical stability towards oxidation compared with sulfide-based materials. Stepwise cyclic
voltammetry studies on sulfur-doped LizPO4 and LizPS4 revealed enhanced electrochemical stability
of sulfur-doped LisPO4 against oxidation in contact with carbon (up to ~4 V vs. Li*/Li), which makes
the material more suitable for application in Li-S batteries than LisPSs. More studies are underway
to develop optimized synthetic approaches to enhance the phase homogeneity of sulfur-doped
LisPO4 materials.
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