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a b s t r a c t

All-solid-state batteries have been desired for the purpose of safety improvement of lithium secondary
batteries. In order to improve performance of all-solid-state cells, the formation technique of a favorable
interface between active materials and solid electrolytes should be developed. The nanocomposite of the
NiS active material and the 80Li2S·20P2S5 (mol%) electrolyte was synthesized via a mechanochemical
reaction and applied as an electrode to all-solid-state lithium secondary cells. The capacity of the cell
vailable online 27 September 2008
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with the nanocomposite electrode was larger than that with an electrode prepared by hand-mixing of the
active material and the electrolyte powder at both current densities of 64 �A cm−2 and 1.28 mA cm−2. The
cell with the nanocomposite showed 360 mAh g−1 after 50 cycles at 1.28 mA cm−2 in the potential range
from 1.0 to 4.0 V vs. Li.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries have been used as power sources for a
ide range of portable devices because of high operating voltage,
igh energy density, light weight and longer cycle life. Recently,

ithium-ion batteries with large-scale for electric vehicles have
ttracted much attention and thus the improvements in safety
f lithium-ion batteries are demanded. It is expected that all-
olid-state lithium secondary batteries without a flammable liquid
lectrolyte have a high safety and reliability. Solid electrolytes
re the key-materials for all-solid-state batteries. The Li2S–P2S5
lass and glass-ceramic as a solid electrolyte exhibits high Li+

on conductivity of 10−4 to 10−3 S cm−1 at room temperature [1].
n the all-solid-state cells, the composite electrodes consisted of
ctive materials, solid electrolytes (Li+ ion conduction path) and
onductive additives (electron conduction path) are used [2,3].
he performance of the all-solid-state cells is influenced signif-
cantly by the mixture state of composite electrodes. It is also

ifficult for all-solid-state cells to operate at high current densi-
ies because the solid-solid contact between active materials and
lectrolytes is not sufficient. In order to improve performance of
ll-solid-state cells, the formation technique of a favorable inter-
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ace between active materials and solid electrolytes should be
eveloped.

Among various candidates for positive electrode materials, sul-
ur and metal sulfides are known to be promising because of their
ow cost and high theoretical capacity [4–6]. However, the cells
sing sulfur or metal sulfide as an electrode material cause a rapid
apacity fading during cycling because soluble lithium polysulfides,
hich are formed during a discharge process, are dissolved in liquid

lectrolytes. Nickel sulfide (NiS) has a good electronic conductivity
nd a high theoretical capacity of 590 mAh g−1 [7–9]. It is expected
hat the cyclability of the cells with nickel sulfide is improved by
sing inorganic solid electrolytes because the dissolution of poly-
ulfides is suppressed.

We have reported that the NiS–80Li2S·20P2S5 nanocomposites,
n which NiS nanoparticles as an active material were embedded in
he 80Li2S·20P2S5 (mol%) glass matrix as a solid electrolyte, were
ynthesized by mechanical milling [10]. All-solid-state cells using
he composite as a positive electrode worked as rechargeable bat-
eries. In this study, morphology and electrochemical properties
f the nanocomposite electrode were compared with those of a
and-mixed-electrode which was prepared by hand-mixing of the

ctive material and the electrolyte powder. Effects of the addition
f acetylene black as a conductive additive to the nanocomposite
lectrode on the cell performance were investigated in all-solid-
tate cells. Reaction mechanism of the NiS active material in the
ells was examined by ex situ XRD measurements.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hayashi@chem.osakafu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.09.064
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. Experimental

The Ni3S2 and NiS powders were synthesized by ball milling
rom elemental sulfur (Kojundo Chem. Lab Co., 99.99%) and nickel

etal (Kojundo Chem. Lab Co., 99.9%) powders under an Ar atmo-
phere. Pure nickel and sulfur powders were mixed with the molar
atio of 3:2 or 1:1, respectively and sealed in a hardened stainless
teel vial in a glove box with Ar gas. Milling was conducted in a plan-
tary ball mill (Pulerisette 7, Fritsch). Ten zirconia balls of 10 mm in
iameter were used as a grinding media. The Ni3S2 and NiS crys-
als were prepared by milling for 24 h. The electrode–electrolyte
anocomposite was synthesized from trinickel disulfide Ni3S2 and

ithium nitride Li3N (Aldrich) as starting materials. A mixture of
hese two powders was milled for 2 h at a rotation speed 370 rpm to
orm the Ni–Li2S nanocomposite powder, in which the Ni nanopar-
icles were dispersed in Li2S matrix. Then sulfur S was added to
he Ni–Li2S nanocomposite and then the mixture was milled for
h at 370 rpm to form the NiS–Li2S nanocomposite. Finally, P2S5

Aldrich, 99%) was added to the NiS–Li2S nanocomposite with the
omposition corresponding to the molar ratio of Li2S:P2S5 = 80:20
nd milled for 2 h at 370 rpm to form the NiS–80Li2S·20P2S5 (mol%)
s electrode–electrolyte nanocomposite. The weight ratio of the NiS
lectrode and the 80Li2S·20P2S5 glass electrolyte in the nanocom-
osite was 57:43. The NiS–80Li2S·20P2S5 nanocomposites added
ith acetylene black (AB) were also synthesized by the addition

f AB and P2S5 at the same time. The amounts of additional AB
ere 4, 6 and 8 wt.% of the NiS–80Li2S·20P2S5 nanocomposite.

he hand-mixed-electrodes were also prepared by mixing gen-
ly NiS prepared above and the 80Li2S·20P2S5 glass [1], and in
ome cases acetylene black powders in the same proportion of the
lectrode–electrolyte nanocomposites described above.

The electrochemical properties of the NiS
lectrode–80Li2S·20P2S5 electrolyte nanocomposites were
nvestigated in the all-solid-state cells. The two electrode
ells were assembled using the nanocomposites or the
and-mixed-electrodes as a working electrode, the Li–

n alloys as a counter electrode and the 80Li2S·20P2S5 glass-
eramic [1] as a solid electrolyte in a dry Ar filled glove box.
he working electrode powders (10 mg) and the solid electrolyte
owder (80 mg) were placed in a polycarbonate tube (� = 10 mm)

nd pressed under 360 MPa. The counter electrode, which was
ormed by attaching a lithium foil and an indium foil, was put on
he surface of the solid electrolyte side of the bilayer pellet. Then
he three-layered pellet was sandwiched by two stainless-steel
ods as current collectors. The molar ratio of the Li/In is 0.79 in

o
T
f

N

Fig. 1. The HAADF-STEM images of the NiS–80Li2S·20P2S5 nanocomposite (a) and t
ources 189 (2009) 629–632

he counter electrode. When the molar ratio is less than 1, the
otential of the Li–In alloys was reported to be constant at approx-

mately 0.6 V vs. Li [2]. The potential difference of 0.6 V between
i–In and Li is used in this report. The cells were discharged
nd charged galvanostatically at 64 �A cm−2 or 1.28 mA cm−2 at
5 ◦C in an Ar atmosphere using a charge–discharge measuring
evice (BTS-2004, Nagano Co.). The working electrode in the cells
ischarged and charged was analyzed by ex situ X-ray diffraction
easurements (Cu K�) in an Ar atmosphere.

. Results and discussions

The electrode–electrolyte nanocomposites were prepared by
all milling. XRD measurements showed the formation of NiS
rystal in the nanocomposites (as shown in Fig. 5(a)). It was con-
rmed by 31P MAS-NMR measurements that local structure around
hosphorus atoms in the nanocomposite was similar to that in
0Li2S·20P2S5 glass [10]. Fig. 1 shows the high angle annular dark
eld-scanning transmission electron microscope (HAADF-STEM)

mages of the NiS–80Li2S·20P2S5 nanocomposite electrode (a) and
he hand-mixed-electrode of the NiS crystal and the 80Li2S·20P2S5
lass (b). The bright and dark areas respectively denote the presence
f NiS and Li2S–P2S5 domains, which were supported by elemen-
al analysis data. It is revealed that NiS particles are much more
ispersed in the nanocomposite than in the mixture. The NiS par-
icle size in the nanocomposite electrode is 10–500 nm, whereas
he size of aggregated NiS particles in the hand-mixed-electrode
s 0.1–2.0 �m. The contact area between NiS particles and the
0Li2S·20P2S5 glass matrix of the nanocomposite is much larger
han the mixture. Mechanochemical process is effective in forming
favorable interface between electrode and electrolyte.

Fig. 2 shows the initial charge–discharge curves of the cells
sing the NiS–80Li2S·20P2S5 nanocomposite and the mixture of
he NiS crystal and the 80Li2S·20P2S5 glass as a working electrode
t 64 �A cm−2. The cell with the nanocomposite electrode exhibits
much larger capacity than that with the hand-mixed-electrode.

he discharge curves of both the nanocomposite and the hand-
ixed-electrodes show a first plateau at 1.6–1.8 V vs. Li and a second

lateau at 1.2–1.4 V vs. Li. These plateaus correspond to the plateaus

bserved in the cells using liquid and polymer electrolytes [7–9].
he discharge reaction mechanism in a Li/NiS cell is reported as
ollows:

iS + (2/3)Li+ + (2/3)e− → (1/3)Ni3S2 + (1/3)Li2S (first plateau)

he mixture (b). The inset in (a) is the magnified image of the nanocomposite.
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ig. 2. The charge–discharge curves at 64 �A cm−2 of the cells with the nanocom-
osite electrode and the hand-mixed-electrode.

1/3)Ni3S2+(4/3)Li++(4/3)e−→ Ni + (2/3)Li2S (second plateau)

he total discharge reaction is represented as follows:

iS + 2Li+ + 2e− → Ni + Li2S

lthough the nanocomposite shows a larger total capacity than the
heoretical capacity of NiS (590 mAh g−1), the capacity in the range
f the two plateaus is almost the same as the theoretical capacity.
he utilization ratio of the active material NiS in the nanocomposite
s improved in comparison with the mixture. The sloping voltage
own to 0 V, which is the cause of the large total capacity, would
ot be attributed to NiS electrode reaction; the capacity of sloping
oltage has somewhat reversibility. The reaction mechanism for the
loping voltage region has not been clarified at the present stage.

Fig. 3 shows the charge–discharge curves at a higher current
ensity of 1.28 mA cm−2 at the first cycle of the cells using the
anocomposite electrode of NiS–80Li2S·20P2S5 without AB (a) and
he NiS–80Li2S·20P2S5-AB (b, c, d) which have 4, 6 and 8 wt.% AB,
espectively. The cell performance of the hand-mixed-electrode of

iS, 80Li2S·20P2S5 and 6 wt.% AB is also shown in Fig. 3(e). The dis-
harge voltages of the cells at 1.28 mA cm−2 are lower than that of
he cells at 64 �A cm−2 as shown in Fig. 1 and obvious plateaus are
ot observed. The charge–discharge curves of the cells using the
anocomposites with 0 and 4 wt.% AB are almost the same and the

ig. 3. The charge–discharge curves at 1.28 mA cm−2 of the cells with the nanocom-
osite electrode and the hand-mixed-electrode; the amount of the acetylene black

n the nanocomposite (a), (b), (c) and (d) are 0, 4, 6 and 8 wt.%, respectively. The
and-mixed-electrode (e) contains 6 wt.% acetylene black.
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ig. 4. The charge–discharge curves (A) and the cycle performance (B) at
.28 mA cm−2 of the cells with the nanocomposite containing 6 wt.% acetylene black
n the voltage range (a) 0–4.0 V and (b) 1.0–4.0 V vs. Li.

ell capacities are about 200 mAh g−1. The capacity of the cell using
he nanocomposite with 6 wt.% AB is much higher than that with
and 4 wt.% AB. Although the discharge capacity of the nanocom-
osite with 8 wt.% AB is almost the same as that with 6 wt.% AB, the
harge capacity of the cell using the nanocomposite with 8 wt.%
B is lower than that with 6 wt.% AB. The addition of 6 wt.% AB to

he nanocomposite is appropriate to form electron and lithium-
on conduction paths. The discharge voltage and capacity of the
ell using the nanocomoposite electrode (c) is higher than those
f the cell with the hand-mixed-electrode (e). This suggests that
he formation of a favorable interface and the increase of contact
rea improve the electrochemical performance of the cell using the
anocomposite electrode.

The cycle performances of the cells with the NiS–80Li2S·20P2S5-
B (6 wt.%) nanocomposite electrode at 1.28 mA cm−2 are shown

n Fig. 4. Two cutoff voltages were used: (a) 0–4.0 V vs. Li and (b)
.0–4.0 V vs. Li. The initial discharge capacity of the cell with the

anocomposite electrode at the cutoff voltage of 0 V is 775 mAh g−1,
hich is larger than the theoretical capacity of NiS. The discharge

apacity of the cell decreases rapidly during initial 10 cycles and
hen the cell retains 200 mAh g−1 for consecutive 40 cycles at the
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Fig. 5. The ex situ XRD patterns of the nanocomposite electrode after discharged
and charged: (a) before discharge, (b) after discharge to 1.0 V, (c) after discharge to
0
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[8] S.-C. Han, H.-S. Kim, M.-S. Song, J.-H. Kim, H.-J. Ahn, J.-Y. Lee, J. Alloys Compd.
351 (2003) 273.
V, (d) after charge from 1.0 to 4.0 V and (e) after charge from 0 to 4.0 V. The inset
s the charge–discharge curves in which the point of the ex situ XRD measurements
re marked.

utoff voltage 0–4.0 V. The cell with the nanocomposite at the
utoff voltage 1.0–4.0 V shows smaller capacity of 150 mAh g−1 at
he first cycle but retains the reversible capacity of 360 mAh g−1

ith the charge–discharge efficiency of almost 100% from the sec-
nd cycle to the 50th cycle. The cycle performance of the cell
ith the nanocomposite is much better than that of the mix-

ure because the cell with the hand-mixed-electrode at the cutoff
oltage 1.0–4.0 V retained smaller capacity of 100 mAh g−1 for 50
ycles.

The ex situ XRD measurements of the NiS–80Li2S·20P2S5-AB
anocomposite electrodes after charge and discharge were per-

ormed in order to investigate reaction mechanism of NiS in the
anocomposite. Fig. 5 shows the XRD patterns of the nanocompos-

te electrode before (a) and after discharge to 1.0 V (b) or 0 V (c);
he patterns of the electrode after charge from 1.0 to 4.0 V (d) and
rom 0 to 4.0 V (e) are also shown in this figure. The XRD pattern
efore discharge (a) corresponds to the pattern of NiS. The XRD pat-
erns due to Ni3S2 and Li2S are observed after discharge to 1.0 V (b),
hile the patterns due to Ni and Li2S are detected after discharge

o 0 V (c). Broad XRD peaks appear after charge from 1.0 to 4.0 V
d); it is considered that the peaks are partially attributable to NiS
nd the pattern suggests the presence of other nickel sulfides. On
he other hand, the XRD pattern after charge from 0 to 4.0 V (e)
orresponds to the patterns of Ni3S2 and Li2S. The initial discharge
eaction mechanism of the all-solid-state cells using the nanocom-
osite electrode is similar to that of a Li/NiS cell with liquid and

olymer electrolytes as mentioned above. From the viewpoints of
eaction mechanism, we discuss the relationship between cutoff
oltage and cell performance. It was reported that Ni nanoparticles
ere formed in the Li2S matrix after discharge to 0 V in cells using

[

ources 189 (2009) 629–632

liquid electrolyte [4]. In the present case, the formation of Ni and
i2S crystals were observed after discharge to 0 V. However, Ni3S2
nd Li2S crystals were formed instead of returning to the initial NiS
rystal after charge to 4.0 V. The formation of a large amount of Li2S
atrix with quite low ionic and electronic conductivity is a possible

eason for a large irreversible capacity and rapid capacity fading at
he cutoff voltage 0–4.0 V. The reaction which causes a larger capac-
ty than the theoretical capacity may be based on another reaction

echanism and, however, no trace of new crystalline compounds
as not been detected by XRD measurements. It is concluded that
he discharge–charge reaction between NiS and Ni3S2 shows a good
yclability in all-solid-state cells.

. Conclusions

The NiS–80Li2S·20P2S5 nanocomposite materials were pre-
ared by a mechanical milling technique. NiS particles were
uch more dispersed in the NiS–80Li2S·20P2S5 nanocomposite

ynthesized by mechanical milling than in the mixture of NiS
nd 80Li2S·20P2S5 by mixing in mortar. The NiS particles in the
anocomposite were smaller than that in the mixture. These sug-
est that the contact area between the NiS active material and the
0Li2S·20P2S5 electrolyte in the nanocomposite is larger than that

n the mixture. The capacity of the cell with the nanocomposite
lectrode was larger than that with the hand-mixed-electrode at
oth current densities of 64 �A cm−2 and 1.28 mA cm−2. The dis-
harge voltage of the cell with the nanocomoposite electrode was
igher than that with the hand-mixed-electrode, suggesting that
he formation of the favorable interface improved the cell perfor-

ance. The cycle performance at 1.28 mA cm−2 of the cell with the
anocomposite electrode was improved by changing cutoff voltage
nd was much better than that with the hand-mixed-electrode.
he discharge capacity of the cell with the nanocomposite was
60 mAh g−1 after 50 cycles at 1.28 mA cm−2. The reaction mecha-
ism of the cell with the nanocomposite was basically in agreement
ith that of Li/NiS cells using a liquid electrolyte reported so far. The
anocomposite electrode reaction was not sufficiently reversible
y discharging deeply. It is expected that the all-solid-state cell
erformance at higher current densities will be improved by use
f an electrolyte matrix with higher Li+ ion conductivity in the
anocomposite.
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