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We report the fast discharge—charge cycle of micro-sized FePS; electrode particles in all-solid-state batteries using sulfide
electrolytes at 80 °C. At a current density of 2.04 mA c¢m >, corresponding to approximately 1 C, the capacity of the FePS;
electrodes reached ~180 mAh g! without any electron or lithium-ion conductive additives. Galvanostatic intermittent titration
technique measurements showed a stable diffusion path of FePS; represented by the product of the diffusion coefficient and
square of the surface area. These electrochemical properties were compared with those of FeS, whose capacity was lower
because of its unstable diffusion path.
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1. Introduction

All-solid-state batteries (ASSBs) are considered the next-
generation batteries because of their safety and high energy
density.' Sulfide electrolytes are the key materials of
ASSBs because they exhibit high lithium mobility and
deformability under pressure.*® The cathodes and anodes
used in liquid batteries can be utilized for ASSBs with
sulfide electrodes; LiCoO,/Li(Ni,Mn,Co)O, and graphite are
used for the cathode and anode, respectively.'® However,
the unstable nature of sulfide electrolytes, especially at high
voltage (>3 V), and low capacity of cathode materials limit
the wide-application of sulfide-electrolyte-based ASSBs.

A sulfur-based cathode operating at low voltage is
desirable for use in ASSBs because it can facilitate high
capacity (1675 mAh g')’. When using solid electrolytes,
sulfur will not be dissolved in the electrolytes, unlike in
batteries wherein organic electrolytes are used. Moreover,
the operating voltage of the sulfur electrode (2.15V wvs.
Li/Li") is lower than that of other oxide electrodes (>3 V),
which facilitates the use of sulfide -electrolytes in
applications requiring stable electrochemical windows.

Electrodes exhibiting both ion and electron conductivities
are essential to ASSB operation. Lower conductivity would
be the rate-limiting factor for operating ASSBs under high
current densities. During the discharge and charge processes
of sulfur electrodes, the conversion reaction between S and
LisS occurs together with electron transfer. Because both S
and Li,S are insulators, their electron conductivity should be
enhanced for improving the performance of ASSBs.

Two approaches have been proposed to operate Li-S
ASSBs, one of which is to mix both electron and ion
conductors to form composite electrodes. Typical electron
and ion conductive materials are carbon and Li-P-S
electrolytes, respectively. Nanocomposite electrodes
produced by thoroughly mixing sulfur, carbon and Li-P-S
electrolytes have been used in ASSBs.®> Nonetheless, as S
and Li,S are insulators, charge transfer inside sulfur
particles is slow even after the addition of a large amount of
carbon. As a result, it is difficult to increase the capacity per
volume of the composite electrodes, especially at high
current densities.

The second approach is to use metal sulfides, which impart
higher electron conductivity than that by the aforementioned
approach.'>"” Among metal sulfides, Fe—S-based electrodes
are attractive because their components are abundant in
nature and inexpensive. For example, FeS is a good
candidate for the cathode material when utilized with a
carbon additive. ASSBs composed of sulfide electrolytes
exhibited a high capacity of >500 mAh g™! (per mass of

electrode).?®?! The reaction mechanism is proposed as
follows?*2!:

FeS+Li"+ ¢ 2 1/2 LizFeS; + 1/2Fe Eq. (1)
1/2 LioFeS, + Li* +¢™ 2 Li,S + 1/2Fe Eq. (2)
LioFeS; 2 Lir x<FeSy + xLi* + xe™ Eq. (3)
Li>«FeS; 2 FeSy + (2-y)S + 2—x)Li* + 2—x)e-  Eq. (4)

Discharge—charge cycling involves the oxidation and
reduction of sulfur?®?!; thus, these are at least partially
sulfur electrodes. We have studied FePS; as a cathode for
ASSBs**2 which has also been utilized in lithium-ion
batteries using organic solvents on the basis of the following

electrochemical reaction:?*2°

FePS; + 1.5 Li* + 1.5 ¢~ 2 Li; sFePS; Eq. (5)
Because FePS; is a conductor of both electrons and lithium
ions,?? FePS; can be used as the electrode in ASSBs without
the requirement of electron and lithium-ion conductive
additives although the battery is operated at a current
density of 0.1 mA.?> Non-requirement of electron and
lithium-ion conductive additives has the advantage of
increasing electrode capacity. Upon discharge—charge
cycling, it has been proposed that the oxidation and
reduction of sulfur can proceed without destroying the
structural framework.?3 Recently, an ASSB using an Fe-P-S
electrode operated at 100 °C exhibited a reversible capacity
of >625 mAh g! for 50 cycles at 0.51 mA cm2 (~0.1 C),
despite the low carbon content (2 wt%) of the electrode.?

To achieve high capacity with high current density, stable
diffusion paths of lithium ions and electrons along the entire
electrode particle are essential. In this work, the
performance of batteries using FePS; and FeS electrodes in
ASSBs was examined, and their diffusion paths were
evaluated using the galvanostatic intermittent titration
technique (GITT).

2. Experimental

FeS and FePS; powders were selected and used as Fe—S-
based electrode active materials. FePS; was prepared by
heating iron (Wako Chemical, 99.9%), red phosphorus
(Kanto Chemical, 98.0%), and sulfur (Kanto Chemical,
99.5%) in an evacuated quartz tube according to previous
reports.?>?* To collect powders with uniform particle size,
FeS (Mitsuwa Chemical, FexS(0.9 = x = 1)) and the
prepared FePS; powders were ground using an agata mortar,
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and particles larger than 38 pm were removed using a
38 um sieve. FePS3 (0.5 g) and FeS (1.2 g) were placed in
ZrO; pots (45 mL) with 20 ZrO; balls (4 mm in diameter).
The powders were ball-milled at a rotation speed of 150 rpm
for 12 or 48 h to further decrease the particle size. X-ray
diffraction (XRD) patterns of the two obtained powders
were recorded using an X-ray diffractometer (MiniFlex600,
Rigaku) with a CuKa radiation source. The morphologies of
these powders were investigated through scanning electron
microscopy (SEM; TM3030Plus, Hitachi-High-Tech). The
electronic conductivities of FePS3; and FeS were measured
via the conventional two-terminal method by pressing the
powders between two metal rods in an insulating tube at
room temperature.

ASSBs (Li-In/75Li,S-25P,Ss (mol%) glass/Fe—S based
electrodes) were fabricated according to a previously
reported method.! In typical processing, a 75Li>S-25P,Ss
glass solid electrolyte was prepared by mechanical milling
of a mixture of Li>S (Mitsuwa Chemical, 99.9%) and P»Ss
(Aldrich, 99%).2” The cathodes were prepared using only
Fe—S-based electrode active materials (FeSx and FePSs) or
mixtures of the Fe—S-based materials with 75Li,S-25P>Ss
glass and vapor-grown carbon fibers (VGCF, Showa
Denko). The  volume ratio of the Fe-S
electrode:75Li,S-25P,Ss  glass:VGCF in the composite
cathodes was 50:45:5. The prepared cathodes (10 mg) and
75L1,S-25P,S;5 glass solid electrolytes (120 mg) were placed
into polycarbonate tubes (¢ = 10 mm). Bilayer pellets were
obtained by pressing at 360 MPa. A Li-In alloy foil was
used as the counter electrode and pressed under 120 MPa.
The obtained pellets were sandwiched between two stainless
steel disks as current collectors. The ASSBs using only the
Fe—S-based electrode active materials (10 mg of FeS and
FePS3;) as the cathode without solid electrolytes and
conductive additives were discharged and charged using a
discharge—charge measuring station (Scribner Associates,
580 battery-type system) at a constant current density of
2.04 mA cm? at 25 to 80 °C. In order to evaluate the
diffusion path, GITT measurements were performed.?®2°
The current pulse and relaxation at open circuit were
respectively set to 0.13 mA cm™2 and 90 min in each step.
The fabrication of the ASSBs and electrochemical
measurements using the batteries were carried out in a dry
Ar atmosphere.

3. Results

The XRD patterns of FePS; and FeS suggested the
presence of single-phase materials without impurities
(Figure 1(a)). Both particles exhibit similar morphologies

(Figure 1(b,c)); thus, there is no significant difference in
their surface area. The electronic conductivities of the FePS;
and FeS pellets were 4x107° and >3.1x107" S cm™,
respectively, at room temperature.
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Figure 1. (a) XRD patterns of FePS; and FeS electrodes and (b) and (c)
corresponding SEM images.

The discharge—charge properties of FePS; without electron
or lithium-ion conductive additives were examined at a
current density of 2.04 mA cm?2, corresponding to
approximately 1 C for FePSs. At 25 °C, only negligibly low
capacity was observed (Figure 2 (a)). At 80 °C, the capacity
significantly increased to ~180 mAh g™'. Considering the
electrode with no lithium-ion and electron additives, FePSs
itself possesses sufficient electron
conduction for 1 C discharge—charge cycling. The capacity
of FePS; at 25 °C is comparable to that of FeS electrodes,
while that at 80 °C is higher.

lithium-ion and
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Figure 2. Discharge—charge curves of the 3rd cycle of an ASSB using (a)
FePS; and (b) FeS electrodes at 25 and 80 °C, where the cut-off voltage of
the ASSB using the FePS; electrode was set to 0.91 V vs. Li-In for
discharging and 2.2 V vs. Li-In for charging, whereas for the battery using
an FeS electrode, the cut-off voltage was set to 0.38 V vs. Li-In for
discharging and 2.38 V vs. Li-In for charging. The voltage vs. Li-In was
0.6 V lower than the voltage vs. Li.
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To study diffusion in the electrode particles, the electrode
for the GITT study was mixed with Fe-S electrodes,
75Li1,S-25P,Ss glass, and VGCF in a volume ratio of
50:45:5 (vol%) so that both FePS; and FeS particles could
have sufficient lithium-ion diffusion and electron
conduction paths on the surface. The GITT profiles shown
in Figure 3 reveal higher capacities because of the low
current density and the addition of the lithium-ion
electrolyte and an electron conductor. The current pulse and
relaxation for the open circuit were set to 0.13 mA cm™2 and
90 min, respectively, in each step. The GITT measurements
allowed for the estimation of the diffusion coefficient based

on the following equation:2%%
1 5E5/5x 2
D==(v,—=——— E
2(“45FAW>
q. (6)

where D is the diffusion coefficient, V), is the molar volume,
S is the specific electrode surface area, F is Faraday's
constant, §Es/&x is the slope of equilibrium OCP vs. Li
content, and Ay, is the Warburg factor. In this work, we
characterized the stability of the network of lithium-ion
diffusion and electron conduction paths on the basis of the
change in the products of the diffusion coefficient and the
square of the interface area.
1(  6Es/8x\’
The GITT profile of FePS; was characterized in an
insertion up to 1.5 in the ratios of Li/Fe (Eq. (5)), which is

(b) Li / Fe

0 1 2 3
3 ‘ .

80 °C, 0.13 mA cm2 FeS

Charge(Li* extraction)
0.485V/6.0x10 " cm®fs!
[ Discharge (Li* insertion)
0.141V/27%x10 " cmés?

0.0672V/8.0x10 " cmfs ‘_
0.0761V/57%x10 "% cmés’

Voltage / V vs. Li-In

0.272V/16x10%cmbs'
0.315Vv/8.9x10 "2 cmé s !

0 100 200 300
Time/h

Figure 3. GITT measurements of the ASSB using (a) FePS; and (b) FeS composite electrodes (Fe-S electrode:75Li,S-25P,Ss glass:VGCF=50:45:5
(vol%)) at 80 °C. The Li/Fe ratio was calculated from the total of pulse currents. The iR drop and the product of diffusion coefficient and square of
interface area (ea.7) are denoted. The voltage vs. Li-In was 0.6 V lower than the voltage vs. Li.
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considered as the limit of intercalation of Li* into FePS;.2
Before and after Li" insertion, there are no significant
changes in the iR drop (0.126 V and 0.132 V, respectively)
and the diffusion path represented as the product of the
diffusion coefficient and square of the interface area (eq. 7),
indicating a stable diffusion path. During charging, the iR
drop reduced by half, and the product of the diffusion
coefficient and square of the interface area increased in
comparison to that upon stable Li* insertion. This is likely
attributed to the destruction of the Li" diffusion path from
less-lithiated FePS;. Nonetheless, these changes are less
significant than those found in FeS on Li* extraction, as
described below.

The GITT profile of FeS is shown in Figure 3 (b). Two-
step discharge profiles (>0.9 V and <0.9 V) can be seen. As
reported, the first step at approximately >0.9 V is attributed
to the intercalation reaction presented in Eq. (3), while the
second step at approximately <0.9 V is attributed to the
conversion reaction as indicated by Eq. (4).2! During
intercalation, lithium-ion insertion reduced the iR drop and
increased the product derived by GITT analysis, indicating
that the diffusion path changes upon lithium-ion insertion.
Further lithium-ion insertion in the conversion reaction
significantly increased the iR drop and decreased the
product derived by GITT analysis, indicating a significant
change in diffusion mechanisms. This is probably related to
the formation of insulating Li,S (Eq. (2)), which blocks
electron paths. At the beginning of charging, the iR drop
decreases and becomes stable in the plateau at 1.2 V. This
stable plateau can be attributed to the extraction of Li* from
LisFeS; (Eq. (2)) with high electronic conductivity (~107! S
cm™).3% iR drop one-order increased in the later stage. On
the other hand, the product of the diffusion coefficient and
square of the interface area approximately two-order
decreased in the beginning and slightly decreased in the
later stage. Again, the changes in the iR drop and the
product during Li" extraction are larger than those found in
FePSs;, presumably related to its multi-step reaction
mechanism. 202!

4. Conclusions

This work demonstrates the advantage of FePS; as an
electrode for ASSBs that can operated in the absence of
electron and lithium-ion conductive additives. A capacity as
high as 180 mAh g ! at a high current density of 2.04 mA
cm? (~1 C) was achieved at 80 °C, indicating that high
temperature facilitates stable electron conduction and
lithium-ion diffusion paths for successful lithium-ion
migration. Compared with the capacity at room temperature,
as shown in Figure 2 and our previous work, the capacity

determined in this study has significantly increased.
Furthermore, the stability of the electron and lithium-ion
paths at 80 °C is demonstrated by a slight change in the
products of the diffusion coefficient and the square of the
interface area achieved by GITT analysis.
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