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HIGHLIGHTS

o Fe-P-S-based electrode is prepared.

e Fe-P-S-based electrode is composed of
FeS, and amorphous P-S.

o The electrode with 2 wt% carbon addi-
tive is used for all-solid-state battery.

e The battery exhibits a reversible capac-
ity above 625 mAh g~ for 50 cycles at
100 °C.
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ABSTRACT

Although lithium-sulfur batteries are expected to be the next-generation high-capacity battery of choices, the
sulfur electrodes studied so far contain large amounts (typically 30-60 wt%) of carbon additives, resulting in low
energy density. In this study, an Fe-P-S-based material is prepared and characterized for the use as a sulfur
electrode with a low content of carbon additives. The electrode material based on Fe-P-S is synthesized by the
mechanical milling of FePS3 and elemental sulfur. The ball-milled 70FePS3-30S (wt%) electrode comprises FeSy
particles of ~30 nm in size and amorphous P-S. The all-solid-state battery operated at 100 °C exhibits a
reversible capacity of more than 625 mAh g™ for 50 cycles at 0.51 mA cm™2 (~0.1C) in spite of the low carbon
content (2 wt%) in the electrode. During the discharge-charge cycle, the sulfur component is confirmed to be
both reduced and oxidized, cyclically.

1. Introduction

energy density, and good cycleability [1-3]. Further increase in the
energy density of the batteries can be achieved by high-voltage and/or

Lithium-ion secondary batteries have been used as power sources for high-capacity electrodes. Elemental sulfur has attracted much attention
portable electric devices because of their high operating voltage, high as a high-capacity cathode material for lithium secondary batteries
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[4-6]. Although sulfur as a cathode has a low discharge potential (~2.1
V vs. Li), the theoretical capacity is 1672 mAh g~*, which is approxi-
mately ten times higher than the capacity of LiCoO. Thus, the energy
density of the lithium batteries can be increased significantly by using a
high-capacity electrode composed of sulfur. One of the disadvantages of
the sulfur active material is its insulating nature [7]. To form sufficient
electron conducting paths, large amounts of carbon additives, typically
30-60 wt% [8,9], must be mixed with the sulfur of the electrode. The
another disadvantage of the sulfur electrode active material is the rapid
degradation in the battery when using liquid electrolytes due to disso-
lution of lithium polysulfide formed in the battery operation into the
liquid electrolytes.

All-solid-state lithium secondary batteries using sulfur electrodes
and non-flammable inorganic solid electrolytes have the advantage of
high safety [10]. Needless to say, lithium polysulfides do not dissolve
into solid electrolytes, leading to long cycle life of the battery with the
sulfur electrode. However, in all-solid-state batteries, the formation of
sufficient lithium-ion paths as well as a large contact area between
electrodes and electrolytes is difficult to achieve. To form the sufficient
paths and a large contact area, solid electrolytes must be mixed with the
sulfur electrode to form composite electrodes. In the same way, electron
conduction paths are also formed by mixing carbon additives with the
sulfur electrode. Since all the components in the all-solid-state batteries
are solids, it is not easy to create enough conduction paths so that the
all-solid-stat battery can only be operated at a low discharge-charge rate
(for ~0.1C). For example, all-solid-state batteries using sulfur composite
electrodes such as Cu-S [10] and C-FeSy-S [11] were operated at only
0.02C even though they showed a high capacity. Although it is known
that the carbon content in the sulfur electrode should be as low as
possible in order to increase the volumetric and gravimetric energy
density of batteries, the amount of conductive carbon used in the sulfur
battery is hardly below 10 wt% due to insulating nature of sulfur. Based
on the best of our knowledge, there is no literature reporting a
discharge-charge rate >0.1C of all-solid-state batteries using sulfur
composite electrodes with a low carbon content less than 10 wt%.
Properties of the all-solid-state lithium-sulfur batteries using sulfur or
sulfur composite cathode materials reported in previous literatures are
tabulated in Table S1. The low C-rate may be related to low ionic and
electronic conductivities in the sulfur electrode. Interestingly, these
conductivities can be enhanced by increasing the temperature.
High-temperature operation, which is the advantage of a solid electro-
lyte over a liquid electrolyte because of no evaporation nature of the
solid electrolyte, would allow an all-solid-state battery to exhibit a
discharge-charge profile with a reasonable discharge and charge rate.

Metal sulfides (e.g. TiSz [12], MnS [13], FeS [14], FePS3 [15,16], NiS
[17]1, NiPS3 [15,18], CuS [19], and MoS; [20]) have been investigated as
electrode active materials for lithium secondary batteries. Among them,
metal sulfides such as TiS; and FePSs3, which have layered structures,
exhibit the lithium-ion insertion/extraction reaction [21]. The elec-
tronic conductivities of TiS, and FePSg are 1.2 x 10%and ~107°$S cm’l,
respectively [22,23]. The theoretical capacities of TiSy and FePS3 are
239 and 220 mAh g™, respectively, which are lower than those of other
metal sulfides showing conversion reactions. To increase the capacity,
we focused on mixing the metal sulfide with sulfur electrode active
material. The sulfur composite electrode which contains the metal sul-
fide has a moderate electronic conductivity and is expected to possess
electron paths without the addition of large amounts of carbon addi-
tives. The large volume change of the sulfur electrode, which is
responsible for the degradation for these types of batteries, can be
reduced by the inclusion of metal sulfides because of the smaller volume
change of the metal sulfides. Moreover, stable electrode-electrolyte in-
terfaces are expected to be formed even at high temperatures because of
the similarity of the composition of sulfur in the sulfur composite elec-
trodes and sulfide-based solid electrolytes. For the S-based batteries
using liquid electrolytes, some composites such as LiS-M (M = Co, Fe)
[24], LisS-MS, (M = Ti, V, Zr, Mo) [25,26], LipS-FeS, [27], and
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LioS-FePS3 [28] have been developed as cathode materials.
Transition-metal polysulfides (e.g. MS3 (M = Ti [29,30], Nb [31], Mo
[32,33]), LisTiS3 [34], MoS3.4 [35], MS4 (M = Ti [36], V [37], Nb [31]),
LiaWS4 [38], LisNbS4 [34], M3S4 (M = Fe [39], Ni [40]), NbSs [31], and
MoSs 7 [41] have attracted much attention as another family of cathode
materials possessing high theoretical capacity based on the redox reac-
tion of sulfur and/or transition metals.

In addition to studies on these composite cathode materials, the
composite cathode materials that are suitable for all-solid-state batteries
such as LisS—Cu [42], LisS-P»Ss-Cu [43], and C-FeS,-S [11] have also
been studied. Considering the more abundant element in the earth’s
crust, an iron-based metal sulfide would be economical to be used as the
additive for a sulfur electrode. However, in the all-solid-state batteries,
few composite cathode materials consisting of sulfur and an iron-based
metal sulfide have been investigated so far [11]. Moreover, there are not
many reports on the operation of the all-solid-state batteries using
sulfide-based solid electrolytes at a high temperature (100 °C) [44-47]1,
even though the evaluation of the battery performance at 100 °C is
useful for the practical all-solid-state lithium-sulfur batteries in terms of
the faster lithium dissolution-deposition process at the high temperature
than a room temperature.

In the present study, we developed new electrode systems for all-
solid-state batteries by simple mixing an iron-based metal sulfide with
sulfur, and investigated the performance of the new electrode materials
in batteries at 100 °C. Among iron-based metal sulfides, we focused on
FePS3 containing a P-S unit, which has been reported as an electrode
active material [48,49]. Since the addition of P,Ss to a sulfur electrode
has been reported to improve the performance of batteries [50], the
mixture of FePS3 with the sulfur electrode in our batteries is expected to
obtain superior performance.

In this study, new Fe-P-S electrodes were synthesized by mechanical
milling of FePS3 and S, and the electrochemical performance of the
Fe-P-S electrodes with a liquid or solid electrolyte was investigated.

2. Experimental

Fe-P-S electrodes were synthesized by mechanical milling of FePS3
and sulfur (Kanto Chemical, 99.5%). FePSs was synthesized by heating a
mixture of iron powder (Wako Chemical, 99.9%), red phosphorus
(Kanto Chemical, 98.0%), and sulfur (Kanto Chemical, 99.5%) [16,48].
The synthesized FePS3 and elemental sulfur were mixed using an agate
mortar with weight ratio of 100:0, 70:30, and 50:50, respectively. Then,
the mixtures were mechanically milled using a planetary ball mill
(Fritsch, Pulverisette 7) with a zirconia pot (45 mL volume) and 500
zirconia balls (¢ =4 mm) in a dry Ar atmosphere at 510 rpm for 24 h. To
identify the crystalline structures of the resultant powder of the
70FePS3-30S electrode, an X-ray diffraction (XRD) pattern was recorded
using an X-ray diffractometer (Miniflex 600, Rigaku) under Cu-Ka ra-
diation. For this measurement, a sample stage was covered with Kapton
film to avoid undesired reaction of the samples with air. A Raman
spectrum of the milled powder of the 70FePS3-30S electrode was
measured using a Raman spectrometer (XploRA, Horiba) with a green
laser (Wavelength: 532 nm) to identify the structural units. For the
Raman measurement, the sample was sealed in an evacuated capillary
glass tube. The morphology and elemental mapping were studied using
focused ion beam-scanning electron microscopy (FIB-SEM; JIB-4600,
JEOL) and scanning transmission electron microscopy (STEM;
HD-2000, Hitachi) in conjunction with an energy dispersive spectros-
copy (EDS) system. The stability of the 70FePS3-30S electrode at high
temperature was evaluated by thermogravimetric and differential
thermal analysis (TG-DTA; Thermo Plus TG 8120, Rigaku). The elec-
tronic conductive of the 70FePS3-30S electrode was measured using a
symmetric stainless steel/70FePS3-30S/stainless steel cell.

All-solid-state batteries (Li-In/75Li»S-25P2S5 (mol%) glass/Fe-P-S)
were assembled as described in a previous paper [51]. 75Li»S-25P5S5
(mol%) glass solid electrolytes were prepared by mechanical milling of
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Li,S (Mitsuwa Chemical, 99.9%) and P5Ss (Aldrich, 99%) [52]. The LisS
and P,Ss powders were mixed together using an agate mortar, and the
mixture was placed into ZrO, pots (45 mL) with 500 ZrO, balls (¢ = 4
mm). The pots were set in a planetary ball mill apparatus (Fritsch,
Pulverisette 7), and mechanical milling was performed at 510 rpm for
24 h. Cathode composite electrodes were prepared by mixing the Fe-P-S
electrode samples, the 75Li»S-25P,Ss (mol%) glass, and vapor-grown
carbon fibers (VGCF, Showa Denko) in a weight ratio of 69:29:2 (wt
%). To measure the electronic conductivity of the composite electrode, a
symmetric stainless steel/composite electrode/stainless steel cell was
constructed. The composite electrodes (10 mg) and the 75Li»S-25P5Ss
(mol%) glass solid electrolytes (120 mg) were placed into a poly-
carbonate tube (¢ = 10 mm), and pressed under 360 MPa. A Li-In alloy
foil was attached to the bilayer pellet consisting of the cathode com-
posite electrode and the solid electrolyte layers by uniaxially pressing
them together at 120 MPa. These pellets were sandwiched by two
stainless-steel disks as current collectors. The assembled all-solid-state
batteries were discharged and charged under a constant current den-
sity of 0.51 mA cm™~2 at different temperatures (25, 60, 80, and 100 °C)
using a discharge-charge measuring device (Scribner Associates, 580
battery-type system). The discharge-charge measurement was initiated
with discharge. To evaluate the rate performance of the battery, the
constant current densities from 0.51 to 8.15 mA cm 2 were used for the
discharge cycles.

To compare the performance of the all-solid-state battery with that of
the battery using liquid electrolytes, the battery (Li/Fe-P-S) using liquid
electrolytes was also constructed. In a typical processing, the Fe-P-S
electrode sample of 70FePS3-30S, polyvinylidene fluoride (PVDF), and
Super P carbon were mixed using an agate mortar in a weight ratio of
75:15:10 (wt%). Subsequently, 1-methyl-2-pyrrolidone (NMP) was
added to the mixture to prepare a slurry. This slurry was loaded onto a
copper foil and dried at 100 °C for 24 h in a vacuum. A CR2016 coin-cell
battery was constructed using the dried composite cathode foil as a
working electrode, porous propylene separator (Celgard 2500), 1 M
LiPFg in ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl
carbonate (DEC) (1:1:1, wt/wt/wt%) as a liquid electrolyte, and Li foil
as reference and counter electrodes. The weight of the 70FePS3-30S
sample was 0.575 mg cm 2. The cell was discharged and charged at a
constant current density of 65.6 mA g’1 (~0.1C) at room temperature
(typically 25-30 °C), using a discharge-charge mechine (LANHE
CT2001A). The discharge-charge measurement was initiated with
discharge.

To examine the reaction mechanism of the 70FePS3-30S electrode,
the products of the 70FePS3-30S composite electrode in the all-solid-
state batteries after the charge cycles were investigated by the XRD
measurement. To reveal the redox reaction of the 70FePS3-30S electrode
during discharge-charge cycles, the S K-edge X-ray absorption near edge
structure (XANES) spectra of the cathode composite electrode in the all-
solid-state batteries were measured before and after discharge/charge.
XANES spectra were measured at the BL6N1 (proposal No. 201705058)
of the Aichi Synchrotron Center, Aichi Science & Technology Founda-
tion. K»SO4 was used as a standard sample for XANES measurement to
calibrate the spectra data. Their intensity was normalized as zero and
one for the intensity at 2466.4 eV and 2489.5 eV, respectively. These
processes were all performed under a dry Ar atmosphere.

3. Results and discussion

Fig. 1 shows the XRD patterns of the Fe-P-S electrode of
70FePS3-30S. For comparison, the XRD spectra of pyrite FeS,, reagent-
grade sulfur, and the prepared FePS; are also shown in Fig. 1. The
diffraction peaks of the XRD pattern of 70FePS3-30S are attributed to
pyrite FeSy (ICSD #316) without peak shift. Considering the composi-
tion of the 70FePS3-30S electrode, this result indicates that the
70FePS3-30S electrode is composed of the pyrite FeS; phase and amor-
phous phase(s) containing phosphorus and sulfur.
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Fig. 1. XRD patterns of the Fe-P-S electrode of 70FePS3-30S, FePS; before
mechanical milling, reagent-grade pure sulfur and PDF file of FeS,.

Fig. 2 shows the Raman spectrum of the 70FePS3-30S electrode.
Raman bands present at 337 and 373 cm ™! are similar to those attrib-
uted to $*~ in FeSy [53]. These results are in agreement with the XRD
result, in which only the FeS, pyrite phase is detected. In the Raman
spectrum, a band at 412 cm ™! is also noted. It has been reported that P-S
bonds in P2S¢~, P»S7~, and PS3~ units show Raman bands at 390, 410,
and 425 cm ™, respectively [54,55]. Therefore, the observed band at
412 cm™! could be attributed to the P-S bond of the PZS§’ unit in
amorphous phase(s) containing phosphorus and sulfur.

Fig. 3 (a) through (e) present an SEM and a HAADF-STEM image, and
EDS mapping of Fe, P, and S of the 70FePS3-30S electrode, respectively.
The particle size of the 70FePS3-30S electrode is in the range of 1-5 pm
(Fig. 3 (a)). The STEM image of the 70FePS3-30S electrode particle as
shown in Fig. 3(b) reverals bright and dark features, suggesting that the
70FePS3-30S particle is composed of two or more component phases.
Indeed, iron and phosphorus in the 70FePS3-30S particle are non-
uniformly distributed (Fig. 3 (c) and (d)) while sulfur is uniformly
distributed (Fig. 3 (e)). In the mapping image of iron (Fig. 3 (c)), the
distribution of iron corresponds mainly to the bright regions of the
HAADF-STEM image (Fig. 3 (b)), with an average size of approximately
30 nm. Considering SEM and STEM images, and the XRD results,
70FePS3-30S contains FeSy with a particle size of approximately 30 nm.
However, we cannot deny the possibility of P doping into FeS,, because
a very similar case of P-doped CoS, isostructural to FeSy, has been re-
ported [56,57]. Other components in the 70FePS3-30S particle, which
correspond to darker regions in Fig. 3 (b), are amorphous phase(s)

Intensity (arb. unit)

L

450 400 350 300

Raman shift / cm™

Fig. 2. Raman spectrum of the 70FePS3-30S electrode.
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= 50 nm

Fig. 3. (a) SEM image, (b) HAADF-STEM image, and EDS mapping of (c) Fe, (d) P, and (e) S of the 70FePS3-30S electrode.

composed of phosphorus and sulfur. The electronic conductivity of the
70FePS3-30S electrode is 3 x 1077 S em 'at27°Cand 6 x 10°°Sem™!
at 100 °C, which are much higher than that of sulfur (5 x 10°8sem™!
at 20 °C) [7]. In the TG-DTA curves (Fig. S1), no siginificant change in
weight and heat are seen below 120 °C, suggesting that the 70FePS3-30S
electrode neither showed evaporation and melt.

Fig. 4 shows discharge-charge curves of the all-solid-state battery
using the 70FePS3-308S electrode at 25 °C (Fig. 4 (a)) and the battery with
70FePS3-30S and the liquid electrolytes at room temperature (typically
25-30 °C) (Fig. 4 (b)). The current densities of 0.51 mA em ™2 (~0.1C)
for the all-solid-state battery and of 65.6 mA g~ (~0.1C) for the battery
with liquid electrolytes were used. The all-solid-state battery exhibits
discharge-charge capacity of less than 1 mAh g~! at 25 °C. The low
capacity could be attributed to the low electronic conductivity of 5 x
1077 S em ™! of the composite electrode with Li-P-S electrolyte and 2 wt
% carbon additive. In contrast, the first charge capacity of the battery
using the liquid electrolyte is 414 mAh g 1. Note that the capacity of the
battery with liquid electrolytes cannot be directly compared with that of
the all-solid-state battery because of the different amounts of carbon
additives. More importantly, its capacity, however, degrades rapidly
with repetition of the discharge-charge cycles. From the 10th cycle on-
wards, the discharge capacity is less than 15 mAh g1 because of the
dissolution of the polysulfide [58].

In order to achieve large discharge-charge capacity at a reasonable
rate, we examined the discharge-charge performance of the all-solid-
state battery at 100 °C. In the preliminary experiment of the
discharge-charge measurements at different temperatures (25, 60, 80,
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and 100 °C), shown in Fig. S2, the all-solid-state battery heated at 100 °C
exhibits the high reversible capacity of 625 mAh g! for the first cycle.
Fig. 5 (a) shows discharge-charge curves of the all-solid-state battery
with the 70FePS3-30S electrode at 100 °C, under a current density of
0.51 mA cm 2 (~0.1C). In the discharge-charge measurement, the
battery is firstly discharged with a capacity of 656 mAh g’l(pe,p,s).
Subsequently, the battery is charged to 3.0 V vs. Li-In. The capacity of
656 mAh g’l(Fe,p,s) is calculated by using the theoretical capacities of
FePS3 (220 mAh g’l) and sulfur (1672 mAh g’l) with the weight ratio of
70:30, but the theoretical capacity of the 70FePSs-30S electrode is
different to this capacity (656 mAh g~!). The theoretical capacity can be
estimated based on final products of FeSy and amorphous P-S. If 70 wt%
FePS3 and 30 wt% sulfur (1 mol FePS3 and 2.4 mol sulfur) in the original
composite react completely by mechanical milling process, the weight
ratio of FeS; and amorphous P-S can be estimated to be 46:54 (wt%)
based on this reaction. The theoretical capacity of FeS, is 894 mAh g~ .
In regarding to the amorphous P-S, the composition of P and S can be
estimated to be 1:3.4 (mol) based on the reaction of 70 wt% FePS3 with
30 wt% sulfur. If the amorphous PS3 4 reacts with Li completely and LisP
and LisS are formed, the theoretical capacity can be calculated to be
1876 mAh g~1. By using the estimated weight ratio (46:54 (wt%)) and
these theoretical capacities (FeSy: 894 mAh g’1 and PS3 4: 1876 mAh
g™, the theoretical capacity of the 70FePS3-30S electrode would be
1423 mAh g_l(pe_p_s). The battery shows stable reversible discharge-
charge behavior for 50 cycles in spite of the low content of the carbon
additive (2 wt%) in the 70FePS3-30S composite electrode.

During the first discharge curve, two plateaus at ~1.0 and ~1.7 V vs.
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Fig. 4. Discharge-charge curves of (a) all-solid-state battery using the 70FePS3-308S electrode at 25 °C and (b) battery with the 70FePS53-30S and liquid electrolytes at
room temperature (typically 25-30 °C). In the all-solid-state battery, the cut-off voltage was set to —0.62 V vs. Li-In for discharging and 3.0 V vs. Li-In for charging. 1
C-rate was defined as 5.8 mA cm 2 required to (dis)charge the battery in 1 h. On the other hand, the battery with liquid electrolytes was firstly discharge to a capacity
of 656 mAh g~1. From the first charge cycle onwards, the cut-off voltage was set to 1.78 V vs. Li-In for charging and 0.58 V vs. Li-In for discharging.
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Fig. 5. (a) Discharge-charge curves and (b) cycle performance of the all-solid-state battery using the 70FePS3-30S electrode at 100 °C under a current density of 0.51
mA cm 2 (~0.1C). Discharge and charge capacities are represented by blue and red dots, respectively. For discharging, the cut-off voltage was set to 0.9 V vs. Li-In
and the cut-off capacity was set to 656 mAh g~ . For charging, the cut-off voltage was set to 3.0 V vs. Li-In. 1 C-rate was defined as 5.8 mA cm 2 required to (dis)
charge the battery in 1 h. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Li-In are observed. Sulfur has been reported to show two plateaus [59,
60]. The plateau at ~1.7 V vs. Li-In is attributed to the reduction of
sulfur to LisS, (n > 4). The another plateau at ~1.5 V vs. Li-In corre-
sponds to the further reduction of LisS, to LisSy or LisS. The observed
plateau at ~1.7 V vs. Li-In in a range of capacities from 0 to ~280 mAh
g~! can be attributed to the redox reaction of sulfur in amorphous phase
(s) containing phosphorus and sulfur. On the other hand, the plateau at
~1.0 V vs. Li-In in a range of capacities from ~280 to ~660 mAh g~
can correspond to the redox reactions of Fe?* and S5~ in FeS, because
FeS, exhibits a discharge plateau at 0.9 and 1.1 V vs. Li-In in the redox
reactions of Fe*" and S%’ as shown in the following equation [61,62].

(€Y

After the first cycle, the discharge capacity corresponding to the
redox reaction of sulfur in the amorphous phase(s) is around 280 mAh
g L. The sulfur utilization based on the additional amount of sulfur is
56%. A possible reason for the moderate sulfur utilization is that the
electron path in the composite electrode is still insufficient to increase
the sulfur utilization drastically; the electronic conductivity of the
composite electrode is 1 x 107> S cm ™! at 100 °C. On the other hand, the
discharge capacity attributable to the redox reactions of $3~ and Fe?" in
FeS, is around 380 mAh g_l. The utilization based on the amount of FeS,
is 92%. From the 1st to 10th cycle, the discharge profile changed
gradually, and the discharge voltage in a range of capacities from ~220
to ~450 mAh g~! slightly increased. For the batteries using FeS,, the
discharge voltage has been reported to increase from the second cycle
onwards because of the complex reaction of FeSy forming FeSy and S
partially [61,62]. In the XRD pattern of the 70FePS3-30S electrode
composite electrode after the charge cycles (Fig. S3), the peaks can be
assigned as S, Fe;Sg, LioFeSs, Li4P2Se, and the unknown phase(s) are
observed. This result for the products of S, Fe;Sg, and LiyFeS, is
consistent with the previously reported complex reaction of FeS, form-
ing FeSy and S [61,62]. Li4P2Se and unknown phase(s) could be formed
by the reaction of the amorphous P-S with Li*. From these results, the
observed profile change can be attributed to not the redox reaction of
sulfur in amorphous P-S but mainly the redox reaction in FeSs.

Fig. 5(b) shows the cycle performance of the all-solid-state battery
using the 70FePS3-308S electrode. The reversible capacity is more than
625 mAh g1, and the charge capacity at the 50th cycle is 653 mAh g~ *.
At 100 °C, the battery shows better cycle performance than at 25 °C. The
battery exhibited the discharge capacity of larger than 581 mAh g~! at
the current density of 2.03 mA cm 2 while the battery hardly showed
discharge-charge behavior at the current density of equal or higher than

FeS, +4Li" + 4e —Fe + 2Li,S

4.07 mA cm ™2 (Fig. S4). We also investigated the effect of composition
ratios of FePS3 and S on the capacities of all-solid-state batteries oper-
ated at 100 °C, and find that 70FePS3-30S shows higher capacity than
those of 100FePS3-0S and 50FePS3-508S (Fig. S5).

To clarify the discharge-charge behavior, the redox reaction of sulfur
in the 70FePS3-30S electrode was further investigated. Fig. 6 shows the
sulfur K-edge XANES spectra of the 70FePS3-30S composite electrode at
different discharge-charge conditions marked as colored circles in a first
discharge-charge curve of the all-solid-state battery using the
70FePS3-30S electrode. For comparison, the spectra of the
75LisS-25P5S5 glass solid electrolyte (Fig. 6 (A)) and sulfur (Fig. 6 (B))
are also shown. Moreover, the intensity of the sulfur component at
2471.8 eV, at which shows a strong absorption of elemental sulfur, is
shown on the lower right side in Fig. 6 to discuss the chemical state of
the sulfur component during the discharge-charge cycle. The samples
contain some amounts of 75Li»S-25P5S5 glass of a solid electrolyte layer.
The absorption at 2471.8 eV is attributed to sulfur, whereas the ab-
sorption at 2470.8 eV is probably attributable to the 75Li»S-25P5S5
glass. The absorption of the 75Li»S-25P2S5 glass cannot be used for
discussion in detail, because some amount of 75Li»S-25P5Ss glass of a
solid electrolyte layer was unintentionally mixed in the composite
electrode samples when the measurement samples were collected.
Before discharge and charge, the sulfur component is confirmed (left
side in Fig. 6 (a)). At 1.1 V vs. Li-In during the first discharge, the peak
intensity of the sulfur component decreases, as shown in the intensity at
2471.8 eV (right lower side in Fig. 6). This suggests that the sulfur
component be chemically reduced during the discharge cycleupto 1.1 V
vs. Li-In. After the first discharge, the peak intensity of the sulfur
component is not significantly changed. This means the chemical state of
sulfur was not significantly altered during the discharge from 1.1 V vs.
Li-In to after the first discharge. After the first charge, the peak intensity
of the sulfur component becomes stronger, as shown in the intensity at
2471.8 eV (right lower side in Fig. 6). The change of peak intensity in-
dicates that the sulfur component is oxidized during the charge cycle.
Note that the profile before discharge and charge is not completely
consistent with those after the first charge. This suggests that the initial
state of sulfur is not totally recovered after the charge cycle. The ab-
sorption edge energy, which is estimated at the energy of the normalized
absorption intensity of 0.5, is between 2469.4 and 2469.6 eV in the
spectra of the Fe-P-S composite electrodes at the all discharge-charge
conditions. The absorption edge energy is almost the same as that of
75LisS-25P5Ss glass (2469.6 eV). This is because the samples contain
some amounts of 75Li5S-25P,Ss glass. Considering the effect of the solid
electrolyte inclusion on the absorption edge energy, the redox reaction
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of the sulfur cannot be discussed based on the absorption edge energy. In
the post-edge region of the Fe-P-S composite electrodes, the peak is
observed at 2478.6 eV before discharge and charge, which is similar to
that of (B) sulfur [28]. On the other hand, at 1.1 V vs. Li-In during the
first discharge, the peak is observed at 2476.0 eV, which is consistent
with that of (A) 75LisS-25P5Ss5 glass. These results indicate the sulfur
component is chemically reduced during the discharge cycleup to 1.1 V
vs. Li-In. After the first discharge and the first charge cycles, the same
peak at 2476.0 eV is observed. This suggests that the sulfur component
does not show the redox reaction from the discharge cycle below 1.1 V
vs. Li-In to the end of the first charge cycle. Note that this result may be
affected by the solid electrolyte inclusion in the samples. From the
change of the absorption of sulfur K-edge XANES spectra, it is reasonable
to conclude that the sulfur component is reduced and oxidized during
the discharge-charge cycles.

In this study, the all-solid-state battery using the Fe-P-S electrode
synthesized from 70 wt% FePS3 and 30 wt% sulfur exhibits a reversible
capacity of more than 625 mAh g’l(pe,p,s) mainly based on the redox
reaction of sulfur in spite of low content of carbon additive (only 2 wt%)
in the electrode. This is because the addition of FePS; into sulfur helped
to ensure the electronic path in the electrode. The electronic conduc-
tivity of the 70FePS3-30S electrode is 3 x 1077 S cm™! at 27 °C and 6 x
107% S em™! at 100 °C. To compare with other all-solid-state lithium-
sulfur batteries previously reported, Table S1 shows details of our bat-
tery and these batteries. The discharge capacity of 625 mAh g~} ze_p_s)
in our battery using the Fe-P-S electrode is lower than those of some
other all-solid-state batteries shown in Table S1 since the Fe-P-S elec-
trode can contain partially inactive phosphorus. Note that the difference
of the construction conditions of the batteries prevents the quantitative
comparison of these electrochemical properties. On the other hand, we
believe all-solid-state battery shows reasonably good moderate rate
performance (~0.1C) and the moderate discharge capacity (625 mAh
g~ 1) at 100 °C in spite of not only low carbon content but also high active
material content. In addition, because of extremely low carbon content

Discharge-charge condition

and introduction of phosphorus, which presumably help lithium-ion
conductivity, our battery shows high energy density based on volume
of the composite electrode even after repeated discharge-charge cycles.

4. Conclusion

Fe-P-S electrode active materials were synthesized by mechanical
milling of FePS3 and elemental sulfur. The resultant 70FePS3-30S pow-
der with particles of about 1-5 pm diameter was composed of FeS, with
the size of 30 nm, and the amorphous P-S inclusions. In the discharge-
charge measurement at 100 °C, at which liquid electrolytes are unsta-
ble, the all-solid-state battery using the 70FePS3-30S composite elec-
trode, containing only 2 wt% carbon additives, showed excellent
reversible discharge-charge behavior. The reversible capacity was more
than 625 mAh g_l(Fe_p_S) for 50 cycles at 0.51 mA em 2 (~0.10) in spite
of the low content of carbon additive in the composite electrode. This
capacity was mainly based on a redox reaction of the sulfur component.
Thus, the addition of an iron-based metal sulfide to elemental sulfur can
provide moderate electronic conductivity to sulfur, and the carbon ad-
ditive content in the sulfur composite electrode can be thereby
decreased. The Fe-P-S electrode with low content of carbon would be
useful for a high-capacity electrode for all-solid-state lithium-sulfur
batteries.
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