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a b s t r a c t

Ni sulfides layers were formed on the surface of a Ti50Ni50 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 Ti50Ni50 alloy
was annealed under the sulfur pressure of 100 kPa at 623 K, sulfides layers consisted of NiS and NiS2 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 NiS2 were formed, while only NiS2 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 NiS2 was formed. With raising
i50Ni50 alloy
uperelasticity
lectrochemical properties

annealing temperature and prolong annealing time, NiS changed into NiS2 accompanied with a morpho-
logical change from a particulate-like to a dense film-like. A Ti50Ni50 alloy with surface NiS2 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%. NiS2 cathode showed a clear discharge behavior with multi-
voltage plateaus induced by intermediate reaction products; NiS and Ni3S2. The initial discharge capacity
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was 743 mA h g−1 corresp
at 20th discharge.

. Introduction

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

Usually, secondary batteries are consisted of active materials,
lectrode, electrolyte and current collectors. In order to obtain a
exible secondary battery, its constituents should be flexible. As

or electrodes, many kinds of materials such as graphite, Li-oxides,
ulfides are adopted.

Metal sulfides such as Co, Cr, Cu, Mn, Ti, V, Ni sulfides have
een studied as cathode materials because of their high energy
ensity [4,5]. Among them, Ni sulfide has been of great inter-

st because of its high capacity and good cycle characteristics
6–9]. Those electrode materials usually are used in the form of
owders and pasted on current collectors with polymer binders.
lectrolyte materials are usually used in the form of liquid or

∗ Corresponding author. Tel.: +82 55 751 5307; fax: +82 55 751 1749.
E-mail address: tahynam@gsnu.ac.kr (T.H. Nam).
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g to 85% of theoretical capacity and 65% of capacity duration is obtained

© 2008 Elsevier B.V. All rights reserved.

olid. In case of solid electrolyte, polymer materials with high
exibility are usually used. Therefore, electrode materials and elec-
rolytes are not considered to be detrimental to the flexibility of
atteries.

As for current collector materials, aluminum and nickel are
urrently used because of their high corrosion resistance and
ow electrical resistance. They are considered to be detrimen-
al to the flexibility of secondary batteries because they show
nly small elastic strain less than 0.2%. Therefore, new current
ollector materials should be developed for realizing highly flex-
ble secondary batteries. Ti–Ni alloys are regarded to be good
andidates for current collector materials of a flexible secondary
attery because they show the superelasticity, high corrosion resis-
ance and proper electrical resistance. The superelasticity in Ti–Ni
lloys have been known to be originated from the thermo-elastic
artensitic transformation [10]. Thermo-mechanical treatments

nd aging have been adopted for improving the superelasticity
f Ti–Ni alloys [11–14]. Recently there has been an attempt to
pply Ti–Ni alloys for current collector materials of secondary
atteries [15]. From the study, it was concluded that supere-

astic Ti–Ni alloys are comparable to Al as a current collector

aterial.
In addition to the superelasticity, Ti–Ni alloys were found to be

onvenient for fabricating electrodes. Ti sulfides and Ni sulfides are
asily formed on the surface of Ti–Ni alloys by annealing under
ulfur atmosphere [16,17]. In the new electrode, Ti and Ni sulfides

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tahynam@gsnu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2008.08.012
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ct as cathodes and Ti–Ni substrate act as a current collector. The
lectrode showed the superelasticity and a clear charge–discharge

ehavior [16]. The new flexible secondary battery showed multi-
oltage plateau due to the fact that cathode was a mixture of Ti and
i sulfides [17]. In general, a single voltage plateau is desirable for
pplications.
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Fig. 1. SEM micrographs of sulfide layers formed under various annealing conditions
ources 189 (2009) 378–384 379

In this study, Ni thin film was deposited on Ti–Ni current col-
ectors, and then annealed under sulfur atmosphere in order to

btain only Ni sulfides. Purpose of the present study is to fabricate
superelastic Ni sulfides/Ti–Ni electrode, and then to investigate
icrostructure, transformation behavior, electrochemical proper-

ies and superelasticity of the electrode.

. SEM micrograph of as-deposited Ni film on TiNi substrate is presented in (j).
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. Experimental procedure

A Ti50Ni50 alloy ingot was prepared by vacuum induction melt-
ng and then hot rolled into a sheet. After hot rolling, the sheet was
old rolled with a final cold working ratio of 35%. All specimens cut
rom the cold rolled sheet were annealed at 673 K for 3.6 ks in vac-
um. After heat treatment, specimens were mechanically polished

n order to remove oxide films, and then they were cleaned using
cetone and methyl alcohol. A Ni film was deposited on the Ti50Ni50
ubstrate with DC magnetron sputtering. Sputtering was made at
he pressure of less than 2.4 × 10−2 Torr and Ar gas of 300 sccm was
owed into a chamber. After the Ni deposition, specimens were put

nto a silica tube of 15 mm diameter with sulfur and then sealed in
acuum. The vacuum sealed ampoules were isothermally annealed
n the temperature range of 623–673 K for 0.36–1.8 ks. The sulfur
ressure inside the ampoules was 100 kPa.

Microstructure of specimens was observed using scanning elec-
ron microscope (SEM). In order to investigate the crystal structure
f sulfides formed on the surface of Ti50Ni50 substrate, X-ray diffrac-
ion (XRD) experiments were made using Cu K� radiation with a
canning rate of 2◦ min−1. Transformation behavior of specimens
as investigated by differential scanning calorimetry (DSC) mea-

urements with a cooling and heating rate of 0.17 K s−1. The shape
emory characteristics were investigated by thermal cycling tests

nder constant load with a cooling and heating rate of 0.017 K s−1.
longation on cooling and its recovery on heating were measured
y linear variable differential transformer. The superelasticity was
xamined by tensile tests at various temperatures with a strain rate
f 10−4 s−1.

Li/sulfides cells were assembled in stainless steel cell hold-
rs and then galvanostatic discharge–charge test was performed
t constant current. Li foil was used as an anode and sulfides
ormed on a Ti50Ni50 current collector were used as a cath-
de. 1 M LiCF3SO3 in tetraethylenglycol dimethylether (TEGDME)

as used as an electrolyte. The rest time before discharg-

ng was 4 h, where open circuit voltage (OCV) was stabilized
or cells. The current density was 87.1 mA g−1 corresponding to
.1 C rate. Mass of active material was calculated from density
NiS2: 4.00 g cm−1).

e
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i

ig. 2. Cross-sectional SEM micrographs of sulfide layers formed under various annealing
EM micrograph of as-deposited Ni film deposited on TiNi substrate is presented in (d).
ources 189 (2009) 378–384

. Results and discussion

.1. Microstructures of Ni sulfide/Ti50Ni50 electrode

Fig. 1 shows SEM micrographs of surfaces of sulfide layers
ormed on a Ti50Ni50 substrate. Sulfide layers were formed by
nnealing Ni film deposited on a Ti–Ni substrate at 623–673 K for
.36–1.8 ks under the sulfur pressure of 100 kPa. For comparison, a
EM micrograph of surface of Ni film before annealing is shown
n Fig. 1(j). Surface of Ni film deposited on TiNi alloy seems to
e smooth and flat. By annealing the Ni film at 623 K for 0.36 ks,
pherical particles are formed as seen from Fig. 1(a). With raising
nnealing temperature from 623 to 648 K, the particles are found to
row (compare Fig. 1(a) with (d)). With further raising annealing
emperature from 648 to 673 K, a dense film-like layer is formed
bove the particles as shown by arrows in Fig. 1(g). Similar film-
ike layer is formed when annealing time is longer than 0.9 ks at
23 and 648 K. This suggests that two kinds of sulfide layers are
ormed, one is particulate-like layer and the other is film-like layer,
epending on annealing temperature and annealing time.

Cross-sectional SEM micrographs of sulfide layers are shown
n Fig. 2. Specimens were prepared by fracturing a part of sulfide
ayer. For comparison, a cross-sectional of the Ni film deposited
n a Ti50Ni50 substrate is shown in Fig. 2(d). Thickness of the as-
eposited Ni film is found to be about 0.5 �m. In the specimen
nnealed at 648 K for 0.36 ks (Fig. 2(a)), a particulate-like sulfide
ayer with a thickness of about 1–2 �m is observed. With prolong-
ng annealing time from 0.36 to 0.9 ks, a dense film-like sulfide
ayer is formed on the particulate-like layer with a thickness of
bout 3.2 �m as shown in Fig. 2(b). In the specimen annealed at
73 K for 1.8 ks (Fig. 2(c)), only a dense film-like layer with a thick-
ess of about 5 �m is observed. Comparing Fig. 2(a)–(c), it is found
hat thickness of sulfide layer increases with increasing annealing
emperature and time.
In order to characterize surface layers in Fig. 1, X-ray diffraction
xperiments were made on the specimens, and then X-ray diffrac-
ion patterns obtained are shown in Fig. 3. For comparison, X-ray
iffraction pattern of the Ni film deposited on a Ti50Ni50 substrate

s shown in Fig. 3(j). In Fig. 3(j), diffraction peaks corresponding to

conditions of (a) 648 K, 0.36 ks, (b) 648 K, 0.9 ks and (c) 673 K, 1.8 ks. Cross-sectional
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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
(j).
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ig. 4. Phase diagram of Ni sulfides as functions of annealing temperature and
nnealing time.

i50Ni50 substrate with B2 structure [10] and Ni are observed. In
he specimens annealed at 623 K for 0.36 ks and 623 K for 0.9 ks,
eak diffraction peak corresponding to NiS and NiS2 are observed

n addition to those of Ti50Ni50 substrate and Ni film. Therefore,
he spherical particles observed in Fig. 1(a) are known to be NiS.
n prolonging annealing time from 0.36 to 0.9 ks, strong diffrac-

ion peaks corresponding to NiS2 are observed (Fig. 3(b)), and the
ense film-like layer covering the particulate-like layer in Fig. 1(b)

s known to be NiS2. On further prolonging annealing time, inten-
ity of diffraction peaks corresponding to NiS and NiS2 increases as
hown in Fig. 3(c).

In the specimens annealed at 648 K for 0.36 ks, diffraction peaks
orresponding to NiS and NiS2 are found in addition to those of
i50Ni50 substrate and Ni film (Fig. 3(d)). On prolonging annealing
ime, intensity of diffraction peaks corresponding to NiS and NiS2
ncreases as shown in Fig. 3(d). In the pattern of Fig. 3(d), a diffrac-
ion peak corresponding to Ni is not observed, which means that all
i film reacted with sulfur. On further increasing annealing time,
iffraction peaks of NiS are not observed while intensity of those of
iS2 increases (Fig. 3(f)), which means that NiS changes into NiS2
ith increasing annealing time. In the specimens annealed at 673 K

or 0.36 ks, diffraction peaks corresponding to NiS and NiS2 are
ound in addition to those of Ti50Ni50 substrate (Fig. 3(g)). On pro-
onging annealing time, diffraction peaks of NiS are not observed

hile intensity of those of NiS2 increases (Fig. 3(h)). On further
ncreasing annealing time, intensity of diffraction peaks of NiS2
ncreases (Fig. 3(i)). A phase diagram of Ni sulfides obtained from
ig. 3 is shown in Fig. 4. It is found that stability of NiS2 increases
ith increasing annealing temperature and time. Any sulfides were
ot observed in the specimens annealed at 523 K.

.2. Superelasticity and shape memory effect of Ni
ulfide/Ti50Ni50 electrode

Fig. 5 shows DSC curve of the specimen annealed at 673 K for
.8 ks under sulfur atmosphere. This specimen has NiS2 sulfide
ayer with a thickness of 5 �m on the surface of Ti–Ni substrate
s shown in Figs. 2 and 3. Two DSC peaks are found on the cool-
ng curve, while only one DSC peak is observed on the heating

*
urve. The peak designated by TR is due to the B2–R transforma-
ion, and that designated by Ms

* is due to the R–B19′ transformation.
he DSC peak on heating curve is ascribed to the B19′–B2 reverse
ransformation. Similar transformation behavior has been reported
n thermo-mechanically treated Ti–Ni alloys [18,19]. This suggests

t
b
t
t
c

Fig. 5. DSC curves of specimens annealed at 673 K for 1.8 ks.

hat surface of Ni sulfides does not affect transformation behavior
f a Ti50Ni50 alloy.

In order to investigate the superelasticity and shape memory
ffect of the specimen annealed at 673 K for 1.8 ks, tensile tests
ere made at various temperatures, and then stress–strain curves

btained are shown in Fig. 6. In the stress–strain curves obtained
t 285, 305 and 325 K which are lower than Af (the B19′–B2 reverse
ransformation finish temperature), most of strain developed on
oading is recovered on heating up to 373 K after unloading. This

eans that the specimen annealed at 673 K for 1.8 ks under sul-
ur atmosphere shows the shape memory effect. In the curve
btained at 330 K (Af), strain developed on loading is partly recov-
red on unloading. This means that the specimen annealed at
73 K for 1.8 ks under sulfur atmosphere shows a partial supere-
asticity. The superelastic recovery ratio defined as (A/B) × 100 is

easured to be 78% from Fig. 6(d), which is some lower than that
f thermo-mechanically treated Ti–Ni alloys (∼100%). The partial
uperelasticity is ascribed to NiS2 sulfide layer formed on Ti–Ni
ubstrate. From Fig. 6, it is concluded that the specimen annealed at
73 K for 1.8 ks under sulfur atmosphere shows the shape memory
ffect and partial superelasticity.

.3. Electrochemical properties of Ni sulfide/Ti50Ni50 electrode

Specimen annealed at 673 K for 1.8 ks, where only NiS2 sulfide
ayer was observed as shown in Figs. 2 and 3, was used to investigate
ts electrochemical properties. Fig. 7 shows initial charge–discharge
urves of a cell with NiS2 electrode. Two voltage plateaus (1.57 and
.40 V) are observed in the first discharge curve while there are
hree plateaus (1.86, 1.68 and 1.40 V) in the second discharge curve.
he low voltage plateau in the first discharge curve is ascribed to the
igh surface resistance of dense NiS2 layer as shown in Fig. 1(i). Such
he discharge behavior was also observed in other cells with spec-
mens annealed at the same condition (not shown here). Thus it is
ound that the charge–discharge reaction is stabilized after the first
harging. Three-step reaction occurs in NiS2 electrode fabricated in
his work, indicating that various reaction products are reversely
omposed and decomposed during discharge–charge process.

In order to clarify the reaction products during discharge, elec-

rode obtained at 1.7 V of cut-off voltage (A in Fig. 7) were analyzed
y TEM. The reason why cut-off voltage of 1.7 V is selected is to
race intermediate Ni sulfides. Before the TEM observation, the elec-
rodes obtained after the second discharge were dried in a vacuum
hamber for 7 days. Fig. 8 shows TEM image obtained from a piece
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Fig. 6. Stress vs. strain curves of specimen annealed at 673 K for 1.8 ks. Curves were obtained at various test temperatures of (a) 285 K, (b) 305 K, (c) 325 K and (d) 330 K.

Fig. 7. Initial charge–discharge curves of cell with NiS2/TiNi electrode prepared by
annealing at 673 K for 1.8 ks. Cycling number is presented in curve.

Fig. 9. Cycle performance of cell with NiS2/TiNi electrode prepared by annealing at
673 K for 1.8 ks.

Fig. 8. Electron diffraction patterns of discharged electrodes with cut-off voltages of (a) 1.75 V and (b) 1.50 V.
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Fig. 10. SEM photograph and EDS mapping images of electrode obtained afte

f electrodes and electron diffraction patterns obtained from area
and C in (a). From analysis of patterns, discharge products at 1.7 V
re known to be NiS and Ni3S2. This means that initial NiS2 changes
o NiS and Ni3S2 during discharge process. No significant difference
n morphology of two sulfides could be found. Detecting Li2S which
xists in electrode was difficult due to high activity in air. There-
ore, it is believed that NiS2 shows a sequential change in a series
f sulfides from NiS2 to NiS, to Ni3S2 and finally to Ni, and all the
eactions are accompanied with the formation of Li2S. This result
hows a good agreement with reaction voltages between Li and Ni
ulfides [17].

The discharge capacity vs. cycle number plot of cell with NiS2
lectrode annealed at 673 K for 1.8 ks is presented in Fig. 9. The
nitial discharge capacity is 743 mA h g−1 corresponding to 85% of
heoretical capacity (871 mA h g−1). Discharge capacity abruptly
ecreases at the first cycle and dull capacity fading is observed
rom the second cycle. 65% of capacity duration is obtained after
0 cycles. The good cycle performance is resulted from the forma-
ion of well adhesive NiS2 layer on TiNi current collector, which
an be proved by good mechanical properties as mentioned above.
oreover, the good adhesion of NiS2 electrode could be confirmed

hrough surface observation.
Surface of NiS2/Ti50Ni50 electrode obtained after 15th discharge

as investigated by SEM and EDS, and then results obtained are
hown in Fig. 10. Even though cracks which may occur during cyclic
harge–discharge procedure are observed on the surface, layers
re well stuck on TiNi current collector. Elements of Ni and S are
etected from EDS mapping as shown in Fig. 10(b) and (c). Rel-
tively large amount of S exists on the surface compared to Ni.
his suggests that electrode surface consists of Ni and Li2S as final
roducts.

. Conclusions

Ni sulfides were formed by reacting sulfur with Ni film deposited
n a Ti50Ni50 alloy, and then microstructures, martensitic transfor-
ation behavior, shape memory characteristics, superelasticity and

lectrochemical properties were investigated. Results obtained are
s follows:

1) When Ni film deposited on a Ti50Ni50 alloy was annealed at
623 K, Ni sulfides layers consisted of NiS and NiS2 were formed.

At 648 K annealing, when annealing time was less than 0.9 ks,
Ni sulfides layers with a mixture of NiS and NiS2 were formed,
while only NiS2 was formed when the annealing time is 1.8 ks.
At 673 K annealing, only NiS2 was formed when the annealing
time is longer than 0.9 ks.

[

[

[

discharge. EDS mapping images correspond to elements of (b) Ni and (c) S.

2) With increasing annealing temperature and time, NiS changed
into NiS2 with a morphological change from a particulate-like
to a dense film-like.

3) A Ti50Ni50 alloy with surface NiS2 layer showed the two-stage
B2–R–B19′ transformation behavior on cooling and the one-
stage B19′–B2 on heating.

4) A Ti50Ni50 alloy with surface NiS2 layer showed the shape
memory effect and partial superelasticity with a superelastic
recovery ratio of 78%.

5) NiS2 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 + NiS2 ↔ Ni + 2Li2S.

6) The initial discharge capacity of Ni sulfides formed on the Ti–Ni
current collector was 743 mA h g−1 corresponding to 85% of the-
oretical capacity and 65% of capacity duration was obtained at
20th discharge.
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