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ABSTRACT

Ni sulfides layers were formed on the surface of a TisoNisg alloy by reacting sulfur with a Ni film deposited
on the alloy, and then microstructures, transformation behavior, shape memory characteristics, supere-
lasticity and electrochemical properties were investigated. When a Ni film deposited on a TisoNisg alloy
was annealed under the sulfur pressure of 100 kPa at 623 K, sulfides layers consisted of NiS and NiS, were
formed. When annealing was made at 648 K with annealing time less than 0.9 ks, sulfides layers with a
mixture of NiS and NiS, were formed, while only NiS; was formed when it was made for 1.8 ks. When
annealing was made at 673 K with annealing time longer than 0.9 ks, only NiS, was formed. With raising
annealing temperature and prolong annealing time, NiS changed into NiS, accompanied with a morpho-
logical change from a particulate-like to a dense film-like. A TisoNisg alloy with surface NiS; layer showed
the two-stage B2-R-B19’ transformation behavior, the shape memory effect and a partial superelasticity
with a superelastic recovery ratio of 78%. NiS, cathode showed a clear discharge behavior with multi-
voltage plateaus induced by intermediate reaction products; NiS and NisS,. The initial discharge capacity
was 743 mAhg-! corresponding to 85% of theoretical capacity and 65% of capacity duration is obtained

at 20th discharge.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently flexible electronic devices such as display, electronic
paper (E-paper) and keyboard have been developed for next gener-
ation personal computers (PCs). Those devices essentially require
flexible power sources (batteries) that can be flexible together with
them. Flexible secondary batteries are recognized to be necessary
for many portable electrical appliances, such as a wearable com-
puter because they are heading for small system and multifunction
[1-3].

Usually, secondary batteries are consisted of active materials,
electrode, electrolyte and current collectors. In order to obtain a
flexible secondary battery, its constituents should be flexible. As
for electrodes, many kinds of materials such as graphite, Li-oxides,
sulfides are adopted.

Metal sulfides such as Co, Cr, Cu, Mn, Ti, V, Ni sulfides have
been studied as cathode materials because of their high energy
density [4,5]. Among them, Ni sulfide has been of great inter-
est because of its high capacity and good cycle characteristics
[6-9]. Those electrode materials usually are used in the form of
powders and pasted on current collectors with polymer binders.
Electrolyte materials are usually used in the form of liquid or
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solid. In case of solid electrolyte, polymer materials with high
flexibility are usually used. Therefore, electrode materials and elec-
trolytes are not considered to be detrimental to the flexibility of
batteries.

As for current collector materials, aluminum and nickel are
currently used because of their high corrosion resistance and
low electrical resistance. They are considered to be detrimen-
tal to the flexibility of secondary batteries because they show
only small elastic strain less than 0.2%. Therefore, new current
collector materials should be developed for realizing highly flex-
ible secondary batteries. Ti-Ni alloys are regarded to be good
candidates for current collector materials of a flexible secondary
battery because they show the superelasticity, high corrosion resis-
tance and proper electrical resistance. The superelasticity in Ti-Ni
alloys have been known to be originated from the thermo-elastic
martensitic transformation [10]. Thermo-mechanical treatments
and aging have been adopted for improving the superelasticity
of Ti-Ni alloys [11-14]. Recently there has been an attempt to
apply Ti-Ni alloys for current collector materials of secondary
batteries [15]. From the study, it was concluded that supere-
lastic Ti-Ni alloys are comparable to Al as a current collector
material.

In addition to the superelasticity, Ti-Ni alloys were found to be
convenient for fabricating electrodes. Ti sulfides and Ni sulfides are
easily formed on the surface of Ti-Ni alloys by annealing under
sulfur atmosphere [16,17]. In the new electrode, Ti and Ni sulfides
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act as cathodes and Ti-Ni substrate act as a current collector. The
electrode showed the superelasticity and a clear charge-discharge
behavior [16]. The new flexible secondary battery showed multi-
voltage plateau due to the fact that cathode was a mixture of Ti and
Ni sulfides [17]. In general, a single voltage plateau is desirable for
applications.

(a) 623K, 0.36 ks

In this study, Ni thin film was deposited on Ti-Ni current col-
lectors, and then annealed under sulfur atmosphere in order to
obtain only Ni sulfides. Purpose of the present study is to fabricate
a superelastic Ni sulfides/Ti-Ni electrode, and then to investigate
microstructure, transformation behavior, electrochemical proper-
ties and superelasticity of the electrode.

(b) 623 K,09ks

(j) As-deposited

Fig. 1. SEM micrographs of sulfide layers formed under various annealing conditions. SEM micrograph of as-deposited Ni film on TiNi substrate is presented in (j).
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2. Experimental procedure

A TisgNisg alloy ingot was prepared by vacuum induction melt-
ing and then hot rolled into a sheet. After hot rolling, the sheet was
cold rolled with a final cold working ratio of 35%. All specimens cut
from the cold rolled sheet were annealed at 673 K for 3.6 ks in vac-
uum. After heat treatment, specimens were mechanically polished
in order to remove oxide films, and then they were cleaned using
acetone and methyl alcohol. A Ni film was deposited on the Ti5Nisg
substrate with DC magnetron sputtering. Sputtering was made at
the pressure of less than 2.4 x 10~2 Torr and Ar gas of 300 sccm was
flowed into a chamber. After the Ni deposition, specimens were put
into a silica tube of 15 mm diameter with sulfur and then sealed in
vacuum. The vacuum sealed ampoules were isothermally annealed
in the temperature range of 623-673 K for 0.36-1.8 ks. The sulfur
pressure inside the ampoules was 100 kPa.

Microstructure of specimens was observed using scanning elec-
tron microscope (SEM). In order to investigate the crystal structure
of sulfides formed on the surface of TisgNisg substrate, X-ray diffrac-
tion (XRD) experiments were made using Cu Ka radiation with a
scanning rate of 2° min~!. Transformation behavior of specimens
was investigated by differential scanning calorimetry (DSC) mea-
surements with a cooling and heating rate of 0.17 Ks~1. The shape
memory characteristics were investigated by thermal cycling tests
under constant load with a cooling and heating rate of 0.017 Ks~1.
Elongation on cooling and its recovery on heating were measured
by linear variable differential transformer. The superelasticity was
examined by tensile tests at various temperatures with a strain rate
of 1074571,

Li/sulfides cells were assembled in stainless steel cell hold-
ers and then galvanostatic discharge-charge test was performed
at constant current. Li foil was used as an anode and sulfides
formed on a TisgNisg current collector were used as a cath-
ode. 1M LiCF3S03 in tetraethylenglycol dimethylether (TEGDME)
was used as an electrolyte. The rest time before discharg-
ing was 4h, where open circuit voltage (OCV) was stabilized
for cells. The current density was 87.1mAg-! corresponding to
0.1C rate. Mass of active material was calculated from density
(NiS,: 4.00gcm™1).

3. Results and discussion
3.1. Microstructures of Ni sulfide/TisgNisg electrode

Fig. 1 shows SEM micrographs of surfaces of sulfide layers
formed on a TisgNisg substrate. Sulfide layers were formed by
annealing Ni film deposited on a Ti—Ni substrate at 623-673 K for
0.36-1.8 ks under the sulfur pressure of 100 kPa. For comparison, a
SEM micrograph of surface of Ni film before annealing is shown
in Fig. 1(j). Surface of Ni film deposited on TiNi alloy seems to
be smooth and flat. By annealing the Ni film at 623 K for 0.36 ks,
spherical particles are formed as seen from Fig. 1(a). With raising
annealing temperature from 623 to 648 K, the particles are found to
grow (compare Fig. 1(a) with (d)). With further raising annealing
temperature from 648 to 673K, a dense film-like layer is formed
above the particles as shown by arrows in Fig. 1(g). Similar film-
like layer is formed when annealing time is longer than 0.9ks at
623 and 648 K. This suggests that two kinds of sulfide layers are
formed, one is particulate-like layer and the other is film-like layer,
depending on annealing temperature and annealing time.

Cross-sectional SEM micrographs of sulfide layers are shown
in Fig. 2. Specimens were prepared by fracturing a part of sulfide
layer. For comparison, a cross-sectional of the Ni film deposited
on a TisgNisg substrate is shown in Fig. 2(d). Thickness of the as-
deposited Ni film is found to be about 0.5 um. In the specimen
annealed at 648K for 0.36 ks (Fig. 2(a)), a particulate-like sulfide
layer with a thickness of about 1-2 wm is observed. With prolong-
ing annealing time from 0.36 to 0.9ks, a dense film-like sulfide
layer is formed on the particulate-like layer with a thickness of
about 3.2 wm as shown in Fig. 2(b). In the specimen annealed at
673 K for 1.8 ks (Fig. 2(c)), only a dense film-like layer with a thick-
ness of about 5 pm is observed. Comparing Fig. 2(a)-(c), it is found
that thickness of sulfide layer increases with increasing annealing
temperature and time.

In order to characterize surface layers in Fig. 1, X-ray diffraction
experiments were made on the specimens, and then X-ray diffrac-
tion patterns obtained are shown in Fig. 3. For comparison, X-ray
diffraction pattern of the Ni film deposited on a TisgNisg substrate
is shown in Fig. 3(j). In Fig. 3(j), diffraction peaks corresponding to

—

Fig. 2. Cross-sectional SEM micrographs of sulfide layers formed under various annealing conditions of (a) 648 K, 0.36 ks, (b) 648 K, 0.9 ks and (c) 673 K, 1.8 ks. Cross-sectional

SEM micrograph of as-deposited Ni film deposited on TiNi substrate is presented in (d).
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Fig. 3. X-ray diffraction patterns of sulfides formed obtained various annealing conditions. X-ray diffraction pattern of as-deposited Ni film on TiNi substrate is presented in
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Fig. 4. Phase diagram of Ni sulfides as functions of annealing temperature and
annealing time.

TisoNisg substrate with B2 structure [10] and Ni are observed. In
the specimens annealed at 623K for 0.36 ks and 623K for 0.9 ks,
weak diffraction peak corresponding to NiS and NiS, are observed
in addition to those of TisgNisg substrate and Ni film. Therefore,
the spherical particles observed in Fig. 1(a) are known to be NiS.
On prolonging annealing time from 0.36 to 0.9 ks, strong diffrac-
tion peaks corresponding to NiS, are observed (Fig. 3(b)), and the
dense film-like layer covering the particulate-like layer in Fig. 1(b)
is known to be NiS,. On further prolonging annealing time, inten-
sity of diffraction peaks corresponding to NiS and NiS, increases as
shown in Fig. 3(c).

In the specimens annealed at 648 K for 0.36 ks, diffraction peaks
corresponding to NiS and NiS, are found in addition to those of
TisgNisg substrate and Ni film (Fig. 3(d)). On prolonging annealing
time, intensity of diffraction peaks corresponding to NiS and NiS;
increases as shown in Fig. 3(d). In the pattern of Fig. 3(d), a diffrac-
tion peak corresponding to Ni is not observed, which means that all
Ni film reacted with sulfur. On further increasing annealing time,
diffraction peaks of NiS are not observed while intensity of those of
NiS, increases (Fig. 3(f)), which means that NiS changes into NiS;
with increasing annealing time. In the specimens annealed at 673 K
for 0.36 ks, diffraction peaks corresponding to NiS and NiS, are
found in addition to those of TisgNisg substrate (Fig. 3(g)). On pro-
longing annealing time, diffraction peaks of NiS are not observed
while intensity of those of NiS, increases (Fig. 3(h)). On further
increasing annealing time, intensity of diffraction peaks of NiS,
increases (Fig. 3(i)). A phase diagram of Ni sulfides obtained from
Fig. 3 is shown in Fig. 4. It is found that stability of NiS, increases
with increasing annealing temperature and time. Any sulfides were
not observed in the specimens annealed at 523 K.

3.2. Superelasticity and shape memory effect of Ni
sulfide/TisoNisg electrode

Fig. 5 shows DSC curve of the specimen annealed at 673K for
1.8 ks under sulfur atmosphere. This specimen has NiS, sulfide
layer with a thickness of 5 um on the surface of Ti-Ni substrate
as shown in Figs. 2 and 3. Two DSC peaks are found on the cool-
ing curve, while only one DSC peak is observed on the heating
curve. The peak designated by Tz is due to the B2-R transforma-
tion, and that designated by M is due to the R-B19’ transformation.
The DSC peak on heating curve is ascribed to the B19’-B2 reverse
transformation. Similar transformation behavior has been reported
in thermo-mechanically treated Ti-Ni alloys [18,19]. This suggests
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Fig. 5. DSC curves of specimens annealed at 673 K for 1.8 ks.

that surface of Ni sulfides does not affect transformation behavior
of a Ti5gNisg alloy.

In order to investigate the superelasticity and shape memory
effect of the specimen annealed at 673K for 1.8 ks, tensile tests
were made at various temperatures, and then stress-strain curves
obtained are shown in Fig. 6. In the stress-strain curves obtained
at 285, 305 and 325 K which are lower than A¢ (the B19'-B2 reverse
transformation finish temperature), most of strain developed on
loading is recovered on heating up to 373K after unloading. This
means that the specimen annealed at 673K for 1.8 ks under sul-
fur atmosphere shows the shape memory effect. In the curve
obtained at 330K (A¢), strain developed on loading is partly recov-
ered on unloading. This means that the specimen annealed at
673K for 1.8 ks under sulfur atmosphere shows a partial supere-
lasticity. The superelastic recovery ratio defined as (A/B) x 100 is
measured to be 78% from Fig. 6(d), which is some lower than that
of thermo-mechanically treated Ti-Ni alloys (~100%). The partial
superelasticity is ascribed to NiS, sulfide layer formed on Ti-Ni
substrate. From Fig. 6, it is concluded that the specimen annealed at
673 K for 1.8 ks under sulfur atmosphere shows the shape memory
effect and partial superelasticity.

3.3. Electrochemical properties of Ni sulfide/TisoNisg electrode

Specimen annealed at 673 K for 1.8 ks, where only NiS, sulfide
layer was observed as shown in Figs. 2 and 3, was used to investigate
its electrochemical properties. Fig. 7 shows initial charge-discharge
curves of a cell with NiS, electrode. Two voltage plateaus (1.57 and
1.40V) are observed in the first discharge curve while there are
three plateaus (1.86, 1.68 and 1.40V) in the second discharge curve.
The low voltage plateau in the first discharge curve is ascribed to the
high surface resistance of dense NiS; layer as shown in Fig. 1(i). Such
the discharge behavior was also observed in other cells with spec-
imens annealed at the same condition (not shown here). Thus it is
found that the charge-discharge reaction is stabilized after the first
charging. Three-step reaction occurs in NiS, electrode fabricated in
this work, indicating that various reaction products are reversely
composed and decomposed during discharge-charge process.

In order to clarify the reaction products during discharge, elec-
trode obtained at 1.7 V of cut-off voltage (A in Fig. 7) were analyzed
by TEM. The reason why cut-off voltage of 1.7V is selected is to
trace intermediate Ni sulfides. Before the TEM observation, the elec-
trodes obtained after the second discharge were dried in a vacuum
chamber for 7 days. Fig. 8 shows TEM image obtained from a piece
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Fig. 10. SEM photograph and EDS mapping images of electrode obtained after 15th discharge. EDS mapping images correspond to elements of (b) Ni and (c) S.

of electrodes and electron diffraction patterns obtained from area
B and Cin (a). From analysis of patterns, discharge products at 1.7V
are known to be NiS and Ni3S,. This means that initial NiS; changes
to NiS and Ni3 S, during discharge process. No significant difference
in morphology of two sulfides could be found. Detecting Li;S which
exists in electrode was difficult due to high activity in air. There-
fore, it is believed that NiS, shows a sequential change in a series
of sulfides from NiS, to NiS, to Ni3S, and finally to Ni, and all the
reactions are accompanied with the formation of Li,S. This result
shows a good agreement with reaction voltages between Li and Ni
sulfides [17].

The discharge capacity vs. cycle number plot of cell with NiS,
electrode annealed at 673K for 1.8 ks is presented in Fig. 9. The
initial discharge capacity is 743 mAhg-! corresponding to 85% of
theoretical capacity (871 mAhg-1). Discharge capacity abruptly
decreases at the first cycle and dull capacity fading is observed
from the second cycle. 65% of capacity duration is obtained after
20 cycles. The good cycle performance is resulted from the forma-
tion of well adhesive NiS; layer on TiNi current collector, which
can be proved by good mechanical properties as mentioned above.
Moreover, the good adhesion of NiS, electrode could be confirmed
through surface observation.

Surface of NiS, /TisgNisq electrode obtained after 15th discharge
was investigated by SEM and EDS, and then results obtained are
shown in Fig. 10. Even though cracks which may occur during cyclic
charge-discharge procedure are observed on the surface, layers
are well stuck on TiNi current collector. Elements of Ni and S are
detected from EDS mapping as shown in Fig. 10(b) and (c). Rel-
atively large amount of S exists on the surface compared to Ni.
This suggests that electrode surface consists of Ni and Li,S as final
products.

4. Conclusions

Ni sulfides were formed by reacting sulfur with Ni film deposited
on a TisgNisq alloy, and then microstructures, martensitic transfor-
mation behavior, shape memory characteristics, superelasticity and
electrochemical properties were investigated. Results obtained are
as follows:

(1) When Ni film deposited on a TisgNisg alloy was annealed at
623 K, Ni sulfides layers consisted of NiS and NiS; were formed.
At 648 K annealing, when annealing time was less than 0.9 ks,
Ni sulfides layers with a mixture of NiS and NiS, were formed,
while only NiS; was formed when the annealing time is 1.8 ks.
At 673 K annealing, only NiS, was formed when the annealing
time is longer than 0.9 ks.

(2) With increasing annealing temperature and time, NiS changed
into NiS, with a morphological change from a particulate-like
to a dense film-like.

(3) A TisgNisg alloy with surface NiS; layer showed the two-stage
B2-R-B19’ transformation behavior on cooling and the one-
stage B19'-B2 on heating.

(4) A TisgNisg alloy with surface NiS, layer showed the shape
memory effect and partial superelasticity with a superelastic
recovery ratio of 78%.

(5) NiS, sulfide electrode formed on the Ti-Ni current collector
showed a clear discharge behavior with multivoltage plateaus,
which was ascribed to intermediate electrochemical reactions
during 4Li + NiS; < Ni+2Li5S.

(6) The initial discharge capacity of Ni sulfides formed on the Ti-Ni
current collector was 743 mA h g~! corresponding to 85% of the-
oretical capacity and 65% of capacity duration was obtained at
20th discharge.
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