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ABSTRACT: Composite materials including NiS active
materials, sulfide-based solid electrolytes (SE), and conductive
additives (VGCF: vapor grown carbon fiber) were prepared by
coating a highly conductive Li2S−P2S5 solid electrolyte onto
NiS-VGCF composite using pulsed laser deposition (PLD).
From scanning electron microscopy, NiS nanoparticles were
on VGCF surface after coating of solid electrolytes using PLD.
All-solid-state cells using the SE-coated NiS-VGCF composite
and the uncoated NiS-VGCF composite were fabricated, and
then the coating effects on the electrochemical performance by
forming the SE thin film onto the NiS-VGCF composite were investigated. At a high current density of 3.8 mA cm−2

(corresponding to ca. 1 C), an all-solid-state cell fabricated using the SE-coated NiS-VGCF composite as a working electrode
showed the initial discharge capacity of 300 mA h g−1, and exhibited better cycle performance than the cell using the uncoated
NiS-VGCF composite.
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■ INTRODUCTION

Lithium-ion batteries are used as power sources for a wide
range of portable devices because of their high operating
voltage, high energy density, light weight, and longer cycle life.1

Large-sized lithium-ion batteries with safe characteristics are
presently in demand for application as power sources for plug-
in hybrid and electric vehicles. All-solid-state lithium secondary
batteries that employ inorganic solid electrolytes have attracted
much attention, because these batteries are extremely safe,
reliable, and free from electrolyte leakage.2 Much effort has
been directed to develop the solid electrolytes with high
lithium-ion conductivity. Among many kinds of solid electro-
lyte, sulfide-based solid electrolytes are promising because of
high lithium-ion conductivities at room temperature. Sulfide
glasses in the systems Li2S-SiS2 and Li2S−P2S5 prepared by the
melt-quenching method are known as lithium ion conductors
with high conductivities over 10−4 S cm−1 at room temper-
ature.3−6 Kanno et al. have found that the sulfide crystalline
lithium superionic conductor, thio-LISICON (such as solid
solutions in the system Li4GeS4−Li3PS4), exhibited high
lithium-ion conductivities of 10−7 to 10−3 S cm−1 at room
temperature.7 Recently, they reported the preparation of
Li10GeP2S12 solid electrolyte, which exhibited a quite high
lithium-ion conductivity of over 10−2 S cm−1 at room
temperature.8 On the other hand, we have reported that the
crystallization of Li2S−P2S5 glasses prepared by a mechanical
milling technique improved their conductivities.9 Li2S−P2S5
glass-ceramic electrolytes with high lithium-ion conductivity of
5 × 10−3 S cm−1 at room temperature. In addition, active

materials with high capacity and high rate capability have been
investigated for development of all-solid-state batteries.10

In bulk-type all-solid-state batteries, an electrode is a mixture
of three constituents of active materials, solid electrolytes
(lithium ion conduction path), and conductive additives
(electron conduction path). Electrochemical reactions proceed
at the solid−solid interface and are affected by the states of the
interface in the electrode. It is expected that the solid−solid
interface in the electrode will increase with decreasing the
particle size of monodispersed active materials. We reported
that monodispersed α-Fe2O3 particles of various sizes were
synthesized by a solution process using a NaOH aqueous
solution.11 The all-solid-state cell with a submicrometer α-
Fe2O3 electrode exhibited higher capacity than that of the cell
using a micrometer-size α-Fe2O3 electrode. In addition, we
reported that NiS nanoparticles with the size of 50 nm were
synthesized in high-boiling solvents.12 The all-solid-state cells
using the obtained NiS nanoparticles exhibited a large capacity
of 680 mA h g−1 after 20 cycles at 0.13 mA cm−2. Charge−
discharge potential of the all-solid-state cells using NiS as an
active material was low, and the average potential of the cell was
about 1.5 V (vs Li). Several articles reported that NiS was used
as a positive electrode in electrochemical cells using a liquid
electrolyte.13−15 On the other hand, NiS is useful as a negative
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electrode with the combination of 5 V class positive electrode
materials, which can be applied to all-solid-state batteries.
Nanomaterials prepared by a solution process using high-

boiling solvents have been attracting attention.16 It was
reported that various metal phosphides such as MnP, Co2P,
FeP, and Ni2P, and sulfides such as Cu2S, ZnS, MnS, and PbS
were synthesized using this process,17,18 which is a facile route
to synthesize nanoparticles having uniform size with various
morphologies. We reported that phase-controlled and
morphology-controlled active materials (NiS and SnS)
synthesized by this process were applied to all-solid-state
cells.12,19 The all-solid-state cells exhibited a large capacity of
600−1000 mA h g−1 and excellent cycle performance.
Nanocomposites, in which nanosized active materials with
less suppression of aggregation have contacts with solid
electrolytes and conductive additives, are preferable as
electrodes for use in all-solid-state batteries to form favorable
lithium ion and electron conduction paths.
To improve rate capability of all-solid-state batteries,

increased contact area among active material, solid electrolyte,
and conductive additive in a composite working electrode is
necessary. Several papers about the preparation of composite
working electrodes have been reported.20−22 We reported that
NiS-VGCF (VGCF: vapor grown carbon fiber) composites
were synthesized using high-boiling solvents as reaction media
in order to form favorable electron conduction paths for NiS
active materials, and that the electrochemical performance of
the all-solid-state cells was affected by the particle aggregation
of NiS active materials in the working electrode;23 an all-solid-
state cell fabricated using the mixture of the NiS-VGCF
composite and sulfide-based solid electrolyte (SE) particles as a
working electrode showed the initial discharge capacity of 590
mA h g−1 at 1.3 mA cm−2, and exhibited better cycle
performance than the cell using the mixture of NiS, VGCF,
and SE particles. In addition, we reported that a highly
conductive Li2S−P2S5 SE was coated on LiCoO2 particles using
pulsed laser deposition (PLD) to form intimate solid−solid
contacts between LiCoO2 and SE.24

Figure 1 shows the schematic illustration of our proposal
composite electrode. We believe that the use of carbon fiber
forms a continuous electron conducting paths in the composite

electrode, and active material with uniform size contacts
intimately with both carbon fiber and solid electrolyte. In this
study, NiS-VGCF-SE composite were first prepared by coating
the 80Li2S·20P2S5 (mol %) SE onto the NiS-VGCF composite
using PLD to form favorable lithium ion and electron
conduction paths for the NiS active material (Figure 1), and
we will discuss the importance of formation of lithium-ion
conduction paths in the working electrode for all-solid-state
cells. All-solid-state cells using the SE-coated NiS-VGCF
composite and using uncoated NiS-VGCF composite were
fabricated. Electrochemical properties of the cells were
investigated using charge−discharge measurements.

■ EXPERIMENTAL SECTION
In our previous paper, NiS-VGCF composites were synthesized using
thermal decomposition of nickel acetylacetonate and 1-dodecanethiol
as a sulfur source in a mixture of VGCF and 1-octadecene as a
solvent.23 The mixture was heated in a flask to 280 °C and was
subsequently kept at 280 °C for 5 h under stirring in an Ar
atmosphere. An 80Li2S·20P2S5 (mol %) solid electrolyte (SE) was
coated on the NiS-VGCF composites using pulsed laser deposition
(PLD). SE thin films of 80Li2S·20P2S5 were fabricated using PLD with
a KrF excimer laser (λ = 248 nm, LPXPro, Lambda Physik).25 A
pelletized mixture of Li2S and P2S5 powder with a molar ratio of 80:20
was used as a target. The 80Li2S·20P2S5 films deposited on Si
substrates were amorphous and showed the lithium ion conductivity of
7.9 × 10−5 S cm−1 at 25 °C.25 Target holders were attached to the
upper side of a PLD vacuum chamber, and a vibrating sample holder
was equipped at the lower side. This PLD system allowed the
formation of an SE layer on the electrode particles. During deposition
of the SE, the NiS-VGCF composite powders were fluidized by a
vibration system (VIB-FB, Nara Machinery Co., Ltd.) to form a
uniform SE layer on the NiS-VGCF composites. The frequency of the
square pulse used to fluidize the particles was 500 Hz and the
deposition time was 120 min. The morphology of the obtained SE-
coated NiS-VGCF composites was investigated using scanning
electron microscopy (SEM; JSM-6610A; JEOL) coupled with an
energy dispersive X-ray spectrometer (EDX; JED-2300; JEOL) and
transmission electron microscopy (TEM; JEM-2100F; JEOL).

Laboratory-scale solid-state cells were fabricated as follows. The
80Li2S·20P2S5 (mol %) glass-ceramic solid electrolyte powder was
prepared by mechanical milling of a mixture of Li2S and P2S5 and
subsequent heat treatment. The prepared electrolyte exhibited a wide
electrochemical window and high ionic conductivity at room
temperature.9 The working electrodes which consisted of the SE-
coated NiS-VGCF composite (100, 80, and 40 wt %) and the glass-
ceramic electrolyte (0, 20, and 60 wt.%) were prepared by hand-
grinding of the mixtures in a mortar. For comparison, a working
electrode which consisted of the uncoated NiS-VGCF composite (40
wt.%) and the glass-ceramic electrolyte (60 wt.%) were prepared by
hand-grinding of the mixture in a mortar. Two-electrode cells were
fabricated using a working electrode, the glass-ceramic electrolyte, and
a Li−In alloy as a counter electrode. The working electrode and solid
electrolyte were placed in a polycarbonate tube (10 mm diameter) and
pressed together under 360 MPa at room temperature. The Li−In
alloy was placed on the surface of the solid electrolyte side of the
bilayer pellet. Then pressure of 120 MPa was applied to obtain a three-
layered pellet. The three-layered pellet was finally sandwiched with
two stainless-steel disks as current collectors. All preparation processes
of the cells were conducted in a dry Ar-filled glovebox. Electrochemical
tests were conducted under a constant current density of 1.3 and 3.8
mA cm−2 at 25 °C in an Ar atmosphere using a charge−discharge
measurement device (BTS-2004, Nagano Co.).

■ RESULTS AND DISCUSSION

Figure 2a, b show the SEM image and EDX mapping for Ni
element of the NiS-VGCF composite coated with the

Figure 1. Schematic illustration of the SE-coated NiS-VGCF
composite. SE denotes the 80Li2S·20P2S5 (mol %) solid electrolyte.
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80Li2S·20P2S5 (mol %) solid electrolyte (SE) by pulsed laser
deposition (PLD). The signals of EDX mapping for Ni element
were uniformly distributed in Figure 2b. Figure 2c is a
magnified image of Figure 2a. Figure 2d shows the SEM image
of the uncoated NiS-VGCF composite for comparison. In our
previous paper, NiS nanoparticles with the size of 50 nm were
formed on VGCF surface in the uncoated NiS-VGCF
composites.23 NiS nanoparticles were on VGCF surface after
SE-coating by using PLD, and morphology of the SE-coated
NiS-VGCF composite was not largely changed from the
uncoated NiS-VGCF composite. Images a and b in Figure 3

show the TEM and high-resolution TEM (HRTEM) images of
the SE-coated NiS-VGCF composite. In Figure 3b, an
amorphous SE thin film with the thickness of ca. 5 nm was
observed on NiS nanoparticles with lattice fringes (the
amorphous SE thin film was denoted with an arrow).
Panels a and b in Figures 4 respectively show the charge−

discharge curves of the all-solid-state cells with the working
electrodes using 100 wt % SE-coated NiS-VGCF composites
and those using a mixture of 80 wt % SE-coated NiS-VGCF
composites and 20 wt % solid electrolyte (SE) particles, at a
current density of 0.64 mA cm−2. Li−In alloy was used as a
counter electrode because Li−In alloy exhibits a stable potential
plateau at 0.62 V vs Li+/Li, as observed in all-solid-state cells
with sulfide electrolytes. In panels a and b in Figure 4, the left-
side ordinate axis shows the electrode potential vs Li−In, while
the right-side ordinate axis shows the electrode potential vs Li,
which is calculated based on the potential difference between

Li−In and Li electrodes (0.62 V). In order to evaluate the
electrochemical performance of the cells using the newly
designed working electrode, the discharge measurements were
performed up to 0 V (vs Li) in this study. The obtained
capacity was normalized according to the weight of the SE-
coated NiS-VGCF composite in the working electrode. The
initial charge−discharge capacity and efficiency of the cell with
the working electrode using 100 wt % SE-coated NiS-VGCF
composite was low; the initial discharge capacity (175 mA h
g−1) of the cell with the working electrode using 100 wt % SE-
coated NiS-VGCF composite was lower during 50 cycles than
the initial capacity (220 mA h g−1) of the cell with the working
electrode using a mixture of 80 wt % SE-coated NiS-VGCF
composites and 20 wt.% SE particles. This result suggests that
the formation of lithium-ion conduction paths is not sufficient
in the working electrode with 100 wt % SE-coated NiS-VGCF
composites, and the addition of SE particles is effective for the
formation of lithium-ion conduction paths. Figure 5 shows the
charge−discharge curves of the all-solid-state cell with the
working electrode using a mixture of 40 wt % SE-coated NiS-
VGCF composites and 60 wt % SE particles under the current
density of 1.3 mA cm−2. Even at a higher current density of 1.3
mA cm−2, the cell exhibited the charge−discharge efficiency of
approximately 100% and a large capacity of 430 mA h g−1 at the
50th cycle. This is because the addition of SE particles gives the
favorable lithium ion conduction paths in the working
electrode.
Panels a and b in Figure 6 show the charge−discharge curves

all-solid-state cell using the uncoated or SE-coated NiS-VGCF

Figure 2. (a) SEM image and (b) EDX mapping for nickel element of
the SE-coated NiS-VGCF composite. (c) Magnified image of a. (d)
SEM image of the uncoated NiS-VGCF composite.

Figure 3. (a) TEM and (b) HRTEM images of the SE-coated NiS-
VGCF composite. An amorphous SE thin film was denoted with an
arrow in b.

Figure 4. Charge−discharge curves of the all-solid-state cells with the
working electrodes using (a) 100 wt % SE-coated NiS-VGCF
composites, or (b) a mixture of 80 wt % SE-coated NiS-VGCF
composites and 20 wt % solid electrolyte (SE) particles, at a current
density of 0.64 mA cm−2.
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composite at the first, second, and 50th cycles under the
current density of 3.8 mA cm−2 (corresponding to ca. 1 C). The
two working electrodes consisted of the 40 wt % uncoated or
SE-coated NiS-VGCF composites, and 60 wt % SE particles.
The obtained capacity of the cell using the uncoated or SE-
coated NiS-VGCF composite was normalized according to the
total weight of the uncoated or SE-coated NiS-VGCF
composite in the working electrode. At the first cycle, the
charge−discharge efficiency of the cell with the SE-coated NiS-
VGCF composite is higher than that of the cell with the
uncoated NiS-VGCF composite. As a result, the discharge

capacity (240 mA h g−1) of the cell with the SE-coated NiS-
VGCF composite is larger at the second cycle than the capacity
(100 mA h g−1) of the cell with the uncoated NiS-VGCF
composite. Figure 6c shows the cycle performance of all-solid-
state cells using the uncoated or SE-coated NiS-VGCF
composite at the current density of 3.8 mA cm−2. At a high
current density of 3.8 mA cm−2, an all-solid-state cell fabricated
using the SE-coated NiS-VGCF composite as a working
electrode showed the initial discharge capacity of 300 mA h
g−1, and exhibited better cycle performance than the cell using
the uncoated NiS-VGCF composite. This result suggests that
the formation of intimate interfaces among NiS, VGCF, and SE
gives favorable electron and lithium ion conduction paths to
NiS nanoparticles (see Figure 1). At the present stage, the
formation of lithium-ion conduction paths was not sufficient in
the working electrode with 100 wt % SE-coated NiS-VGCF
composites, and the addition of SE particles in the working
electrode was necessary to fabricate the all-solid-state cells with
high capacity. However, the use of the SE-coated NiS-VGCF
composite was more effective in improving the electrochemical
performance at a high current density of 3.8 mA cm−2 (ca. 1 C)
than that of the uncoated NiS-VGCF composite.

■ CONCLUSIONS

Composite materials with NiS active materials, solid electro-
lytes (SE), and conductive additives (VGCF: vapor grown
carbon fiber) were prepared by coating Li2S−P2S5 SE onto the
NiS-VGCF composite using pulsed laser deposition (PLD) to
form favorable lithium ion and electron conduction paths for
the NiS active materials. NiS nanoparticles were on the VGCF

Figure 5. Charge−discharge curves of the all-solid-state cell with the
working electrode using a mixture of 40 wt % SE-coated NiS-VGCF
composites and 60 wt % SE particles at a current density of 1.3 mA
cm−2.

Figure 6. Charge−discharge curves of all-solid-state cell using (a) uncoated or (b) SE-coated NiS-VGCF composite at the first, second, and 50th
cycles under the current density of 3.8 mA cm−2. (c) Cycle performance of all-solid-state cell using the uncoated or SE-coated NiS-VGCF composite
at the current density of 3.8 mA cm−2 (corresponding to ca. 1 C).
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surface after the deposition of SE thin films. At a high current
density of 3.8 mA cm−2 (ca. 1 C), an all-solid-state cell
fabricated using the SE-coated NiS-VGCF composite as a
working electrode showed the initial discharge capacity of 300
mAh g−1, and exhibited better cycle performance than the cell
using uncoated the NiS-VGCF composite. Electrochemical
performance in all-solid-state cells was improved by forming
favorable NiS-VGCF-SE interfaces.
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