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Synthesis of submicron-sized NiPS; particles and electrochemical
properties as active materials in all-solid-state lithium batteries
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Submicron-sized NiPS; particles were synthesized by heating fine Ni powder (<100 nm), red phosphorus, and
sulfur at 673 K for 48 h, and their electrochemical properties as cathodes in sulfide-based all-solid-state lithium
batteries were investigated using discharge/charge measurements, X-ray diffraction (XRD) measurements,
electrochemical impedance spectroscopy, and X-ray absorption near-edge structure spectroscopy (XANES).
Batteries using submicron-sized NiPS; as a cathode active material exhibited a 10th discharge capacity of 147
mAh g~!, which was larger than that obtained with 10-100 micron-sized NiPS; (~90 mAh g~'). The XRD patterns
of the composite cathode before and after discharge/charge suggested that LiyP,S¢ was formed irreversibly
(2NiPS; + 4Li* + 4e~ — LisP,S6 + 2Ni), and this irreversible reaction would reduce the capacity of the cathode.
The XANES spectra suggested the oxidation/reduction of Ni during discharge—charge cycles, but the change in
the spectra during the cycles was considerably small if one assumed the oxidation/reduction of Ni**/NiC.

©2018 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

All-solid-state lithium secondary batteries have attracted
much attention as a next generation energy storage device
due to their safety, durability, and specific energy."?
High lithium ion conductive electrodes and low interface
resistance between the electrode and solid electrolyte are
important factors that can improve the performance of such
batteries.>™ Sulfide solid electrolytes are well known for
their high lithium conductivity®'® and have been used in
all-solid-state lithium secondary batteries.'”~'> Owing to
their deformability, sulfide electrolytes present the advant-
age of decreasing grain-boundary resistance by a cold- or
warm-press process. 617

To maximize the merits of sulfide electrolytes, a low
resistive interface between the electrode and electrolyte is
essential for Lit diffusion.'®29 However, the formation of
low interface resistance between electrode and electrolyte
is difficult. For example, the formation of an interfacial
layer from the diffusion of component elements of the
electrodes or electrolytes is one of the causes of boundary
resistance.>>* Accordingly, our group has focused on
NiPS; electrodes because a favorable interface can be
formed between the Li,S—P,Ss glass electrolyte and the
NiPS; electrodes. As Li,S—P,S5 electrolytes are composed
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of PS;3~, P,S;*7, and/or P,Ss*~ units?>> and NiPS; also
possesses a P,S¢*™ unit,?® the diffusion of components is
not expected to form a layer with high resistivity.

NiPS; has a layered structure, and it has been reported
that 1.5mol of Li* can be accommodated in the inter-
layer, which corresponds to a theoretical capacity of 216
mAhg~!, according to the following reaction [Eq. (1)].2”

NiPS; + xLi* +xe~ = Li,NiPS; (0 < x < 1.5) (1)

Studies on the crystal structure and electrochemical
properties of NiPS; and on liquid type lithium batteries
employing NiPS; as cathode have been reported.?® Our
group has demonstrated the operation of an all-solid-state
lithium battery using NiPS;/FePS; and a sulfide-based
solid electrolyte.?”3? The all-solid-state cell using 10 to
100-um sized NiPS; particles showed a stable capacity of
ca. 80mAhg™' for 30 cycles, indicating that NiPS; is a
promising active material for all-solid-state lithium bat-
teries. However, this discharge capacity was quite smaller
than the theoretical capacity; therefore, the performance of
the active material can be improved.

Herein, we synthesized submicron-sized NiPS; particles
and applied them as the cathode active material in sulfide-
based all-solid-state lithium batteries. In addition, we
examined the X-ray diffraction (XRD) and Ni K-edge X-
ray absorption near-edge structure spectroscopy (XANES)
spectra of the working electrode to reveal the degradation
mechanism of the NiPS; active material.

©2018 The Ceramic Society of Japan
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2. Experimental procedures

NiPS; powders were synthesized by heating the follow-
ing starting materials: Ni powder (<100nm) (Aldrich,
99%), red phosphorus (Kanto Chemical, 98%), and sulfur
(Kanto Chemical, 99.5%). The Ni powder was put in a
quartz glass ampoule with 20 mass % excess of phospho-
rus and sulfur. The mixture in the ampoule was heated at
673 K for 48 h. After heating, the product was washed with
water and filtrated to remove the excess P-S compounds.
XRD measurements were performed with a diffractometer
(Rigaku, MiniFlex600) using CuKa radiation. The mor-
phology of the NiPS; powders was observed with a scan-
ning electron microscope (JEOL, JSM-6390LVS).

All-solid-state cells of Li-In/80Li,S-20P,Ss/NiPS; were
fabricated to investigate the electrochemical properties of
NiPS; as an active material. All the processes were con-
ducted in a dry box filled with dry Ar gas. 80Li,S-20P,Ss
was synthesized by mechanical milling. Reagent-grade
Li,S (Mitsuwa Chemical, 99.9%) and P,S5 (Aldrich, 99%)
were mixed using an agate mortar and pestle, and the mix-
ture was put in a zirconium oxide pot (Fritsch, 45 mL) with
zirconium oxide balls (4 mm of diameter). The mixture was
mechanically milled using a planetary ball milling appa-
ratus (Ito Seisakusho, LP-M2) for 10h at 510 rpm.

The Li-In/80Li,S-20P,S5/NiPS; cell was fabricated
by a uniaxial cold-press method. The NiPS; composite,
which is a mixture of NiPS;, 80Li,S-20P,Ss, and Vapor-
Grown Carbon Fiber (VGCF: Showa Denko) in the weight
ratio of 69:29:2, was used as the cathode of the batteries.
80Li,S-20P,Ss was used as a solid electrolyte, and Li-In
was used as the anode. In a polycarbonate tube (10 mm of
diameter), 10 mg of NiPS; composite and 120 mg of solid
electrolyte were pelletized by cold-pressing at 360 MPa.
Li—In alloy foil was printed on the pellet face at 120 MPa.
The prepared pellet was inserted between stainless-steel
disks that act as current collectors. The electrochemical
properties were evaluated using a charge—discharge mea-
surement device (Scribner Associates Inc., 580 battery test
system) and an impedance analyzer (Solartron 1287 cou-
pled with Solartron 1260). Electrochemical measurements
were conducted at room temperature. To examine the
degradation mechanism of NiPSj in all-solid-state batter-
ies, all-solid-state cells were prepared using 75Li,S-25P;Ss
glass. Glassy 75Li,S-25P,Ss prepared by mechanical mill-
ing does not contain crystalline phases and is thus suitable
for XRD studies. The XANES spectra at the Ni K-edge
of the NiPS; composite were measured on the BL11S2
beamline at the Aichi Synchrotron Radiation Center
(Proposal No. 201605040) to observe the reduction and
oxidation of Ni before and after the discharge—charge.

3. Results

Figures 1(a) and 1(b) show the XRD pattern and scan-
ning electron microscope (SEM) image of the prepared
NiPS; powders, respectively. NiPS; was observed as a
single phase. In Fig. 1(b), hexagonal plate of NiPS; less
than 1 um in size are observed. These particles are much

smaller than those synthesized at 998K for 24h as
reported in our previous paper (10-100 pum).)

Figure 2 shows the discharge—charge curves of the
Li-In/80Li,S-20P,Ss/NiPS; all-solid-state cell at 0.064
mA cm~2. The measurement began with a discharge proc-
ess, i.e., LiT insertion into NiPSs. In this initial discharge,
the capacity reached 216 mAh g=!, which corresponds to
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Fig. 1. (a) XRD pattern of the NiPS; powders. The bottom is
the simulated diffraction pattern using ICSD #646133. (b) SEM

images of the NiPS; powders. The inset shows magnified image.
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Fig. 2. Discharge—charge curves of the Li-In/80Li,S-20P,Ss/
NiPS; cell cycled between 0.8-2.5V vs. Li-In.
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Fig. 3. Impedance profiles of Li-In/80Li,S-20P,S5/NiPS;
cells before and after the 1st discharge—charge.

the theoretical capacity of the insertion reaction [Eq. (1)].
After the initial discharge, the cell was charged and dis-
charged with a cut-off voltage of 0.8-2.5V. The 10th dis-
charge capacity was 147mAhg~!. After the 1st cycle, a
change in the discharge behavior was observed, which
could be explained by the degradation of crystallinity>"
and/or the decomposition of NiPS; described later. The
discharge capacity of the cell in this study was larger than
that of the cell using 10—100 pm-sized NiPSs electrodes.?”

The impedance profiles before and after the 1st cycle
of the Li-In/80Li,S-20P,S5/NiPS;3 cell are presented in
Fig. 3. The semicircles in the high frequency range were
ascribed to the solid electrolyte layer of the pellets. There
is no obvious difference between the two profiles. Large
interfacial resistance was not observed after the 1st charge
even though the formation of a highly resistive layer in
sulfide-based all-solid-state lithium secondary batteries
after cycling has been reported.?)2%

The XRD patterns of the as-prepared NiPS; and of the
working electrodes after the 1st discharge and charge are
shown in Figs. 4(a)-4(c), respectively. Well-crystallized
NiPS; are visible in Fig. 4(a). However, after the 1st dis-
charge, the intensity of the diffraction peaks of NiPS;
decreased [Fig. 4(b)]. No other diffraction peaks attrib-
utable to Ni or Ni compounds were observed, but the
formation of LiyP,S¢ was confirmed. After the 1st charge,
the intensity of the diffraction peaks of NiPS; increased,
indicating that NiPSj partially but reversibly reacted with
Li* [Fig. 4(c)]. Nonetheless, we cannot deny the possibil-
ity that unreacted NiPS; was present. In addition, LisP,S¢
was also detected after the Ist charge, suggesting that
LisP,S¢ was formed by an irreversible reaction [Fig. 4(c)].

Figures 5(a)-5(d) show the Ni K-edge XANES spectra
of the as-prepared NiPS; and of the working electrodes
after the Ist discharge, 1st charge, and 10th charge, respec-
tively. After the first discharge, the absorption edge
slightly shifted toward the low energy region, suggesting
that the valence of nickel slightly decreased during the
discharge process.*? A weak absorption edge around 8330
eV was observed, similar to the absorption edge of Ni
metal though the absorbance was much weaker [Fig. 5(e)].
The spectrum after the 1st charge [Fig. 5(c)] was different
from that of the as-prepared sample but similar to that of
the 10th charge [Fig. 5(d)].
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Fig. 4. XRD patterns of (a) as-prepared NiPSs, and the working
electrodes (b) after the 1st discharge and (c) after the 1st charge.
The simulated diffraction patterns of LisP,S¢ (ICSD #33506) and
NiPS; (ICSD #646133) were also shown as references.
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Fig. 5. Ni K-edge XANES spectra of (a) as-prepared NiPS;,
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4. Discussion

As shown in Fig. 4(c), diffraction peaks attributable to
NiPS; were observed in the XRD pattern after the 1st dis-
charge and charge. This result implies that NiPS;3 revers-
ibly reacted (at least partially) with Li*; however, there is a
possibility that unreacted NiPS; remained after the 1st dis-
charge and charge. The XANES spectra [Figs. 5(a) to 5(c)]
clarified that the valence state of Ni slightly changed upon
Li" insertion/extraction, but the change in the absorption
edge was too small to explain the contribution of only Ni
to charge compensation during discharge/charge. Thus,
the redox reactions of S, as reported in TiS; and «-
MoS3,>® could be responsible for this small change. In
addition, an irreversible reaction would simultaneously
occur during the 1st discharge process. In the XRD pat-
tern after the 1st discharge [Fig. 4(b)], diffraction peaks
indexed as LisP,Sq were detected and remained after the
1st charge [Fig. 4(c)]. Therefore, the formation of LisP,Sg
can be formulated as follows:

ONiPS; + 4Lit +4e — LisP,Ss +2Ni  (2)

This irreversible reaction would reduce the initial
capacity (Fig. 2). On the other hand, Li4P,S¢ is a moderate
Li-conducting phase (2.38 x 1077Scm™").3¥ Ni metal
was not detected by XRD, but a weak X-ray absorption
edge similar to that of Ni metal was detected, which can
be explained by the formation of Ni nanoparticles smaller
than ~2nm or of low-crystalline phase(s) with low-
valence Ni.

5. Conclusions

Submicron-sized NiPSj particles were successfully syn-
thesized from fine Ni powder (<100 nm), red phosphorus,
and sulfur by heat treatment at 673 K for 48 h. An all-solid-
state lithium battery using the submicron-sized NiPS; as
active cathode material showed a 10th discharge capacity
of 147mAhg™" at 0.064 mA cm~—2, which is larger than
that of a cell using 10-100 micron-sized NiPSs;. The reac-
tion between NiPS; and Li"™ was barely accompanied by
Ni redox, implying the redox reaction of S. In the Ist
discharge (Li* insertion), an irreversible reaction produc-
ing LigP,S¢ was observed. The irreversible formation of
LiyP,S¢ should decrease the capacity but should not
significantly hinder the conduction of Li* because of its
moderate Lit conductivity.
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