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Abstract

The layered oxysulfide LiNiS
y
O2�y

compounds were synthesized and characterized to investigate the effect of sulfur on the

electrode performance of LiNiO2. LiNiO2 precursors were first synthesized by a sol-gel method using adipic acid as a chelating agent

and then doped with sulfur powders by a solid-state reaction under the flow of oxygen to prepare LiNiS
y
O2�y

compounds. Pure

LiNiO2 electrode showed a gradual decrease of discharge capacity with cycle number, whereas the capacity retention rate of

LiNiS
y
O2�y

electrodes significantly improved. The initial discharge capacity of the LiNiS
y
O2�y

cells was lower than that of

LiNiO2 cell and decreased with the increasing content of sulfur substituted in LiNiS
y
O2�y

. # 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

The layered lithium nickel oxide LiNiO2 has been

drawing much attention as a promising cathode material

for lithium secondary batteries because of its compara-

tively low cost, large theoretical capacity (275 mAh/g),

and environmental advantages over LiCoO2 [1�/3].

However, LiNiO2 has still had some severe problems

such as low discharge capacity (about 140�/150 mAh/g)

due to the difficulty in the synthesis of stoichiometric

LiNiO2 and capacity decay due to the formation of

NiO2 phase by the phase transition of LiNiO2 structure

during intercalation/deintercalation of lithium ion [4].

The synthesis of stoichiometric LiNiO2 has been

attempted by an excess lithium method in solid state

reaction [5�/7]. But this method has some difficulties in

obtaining optimum composition because it requires

washing process for removing excess lithium. Therefore,

many researchers have reported that the crystal struc-

ture of LiNiO2 can be stabilized by substituting cation

or anion of LiNiO2 with the corresponding ions. Partial

substitution of Ni for LiNiO2 with some transition

metals such as Al, Co, Ga, Mg, Ti, etc., has been widely

studied to improve the cycle life of the electrode [8�/12].

Also we reported that Al-doping LiNiO2 cathode

material was very effective in improving cycle perfor-

mance at high temperature [13]. Meanwhile, Kubo et al.

[14] and Naghash et al. [15,16] observed that the crystal

structure of the material was stabilized by substituting O

for LiNiO2 with fluorine, resulting in the significant

improvement of LiNiO2 cyclability during intercalation/

deintercalation of lithium ions. Recently, it was also

found that anion doping with sulfur was very effective in

stabilizing the crystal structure of LiMn2O4 [17,18].

In this work, we have synthesized LiNiSyO2�y

compounds and investigated the effect of S-doping on

the electrochemical performance. LiNiSyO2�y com-

pounds were synthesized by partial substitution of

oxygen for LiNiO2 with sulfur. The structural and

electrochemical properties of the synthesized materials
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were investigated using various analytical techniques.

The effect of the amount of sulfur used in the synthesis

of LiNiSyO2�y compounds was examined to improve

the LiNiO2 electrode performance.

2. Experimental

LiNiSyO2�y compounds were prepared as follows:

LiNiO2 gel precursor was first synthesized using a sol-

gel method. Lithium acetate (Li(CH3COO) �/2H2O) and

nickel acetate (Ni(CH3COO)2 �/4H2O) salts were used as

starting materials for the synthesis of LiNiO2 com-
pounds. A stoichiometric amount of Li acetate

(Li(CH3COO) �/2H2O) and Ni acetate (Ni(CH3COO)2 �/
4H2O) salts (cationic ratio of Li:Ni�/1:1) was dissolved

in deionised water. The dissolved solution was added

into a continuously agitated aqueous adiphic acid

solution. Adiphic acid was used as a chelating agent

for the reaction. The molar ratio of adiphic acid to total

metal ions was fixed in unity. The prepared solution was
evaporated at 70�/80 8C for 5 h until a transparent sol
was obtained. As water evaporates further, the sol turns
into a viscous transparent gel. The prepared precursors
were mixed with a stoichiometric amount of sulfur
powders to have oxysulfide LiNiSyO2�y (y�/0, 0.1,

and 0.3) compositions. After the mixtures were suffi-

ciently grinded, they were heated to 450 8C in a box
furnace with a ramping rate of 1 8C/min and maintained
at the temperature for 10 h to eliminate organic
components. Thus precalcined mixtures were post-
calcined at 750 8C in a flow of oxygen for 14 h. The
cooling rate of the mixtures maintained 1 8C/min to
prevent the cation mixing in LiNiO2.

After the synthesis, the amounts of Li, Ni, and S in

the synthesized materials were analyzed with an induc-

tively coupled plasma (ICP) and sulfur analyzer (LECO
Co., CS 444), respectively, to determine the real

chemical composition of the materials. The oxygen

content was determined via mass balance. Powder X-

ray diffraction (XRD, D/Max-3A, Rigaku) measure-

ments using Cu�/Ka radiation were carried out to

characterize the structural properties of the synthesized

compounds. FTIR spectra were recorded on a Hart-

mann & Braun DA8 FT Spectrometer (BOMEM) in
KBr pellets in the 3500�/500 cm�1 range. The particle

morphology of the compounds after the calcination was

observed using a scanning electron microscope (SEM,

GEOL, JSM 6400). Rietveld refinement was performed

with XRD data to obtain lattice parameters of synthe-

sized compounds.

The electrochemical characterization was performed

using CR2032 coin-type cells. The method of assembling
the cell was as follows: The cathode was fabricated with

an accurately weighed active material (20 mg) and

conductive binder (10 mg of Teflonized acetylene black

(TAB) and 5 mg graphite). It was pressed on 25 mm2

stainless steel mesh used as the current collector at 300

kg/cm2 and dried at 200 8C for 5 h in an oven. This cell
consisted of a cathode and a lithium metal anode
(Cyprus Foote Mineral Co.) separated by a porous
polypropylene film as the separator (Celgard 3401). The
electrolyte used was a 1 M LiPF6-ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:2 by volume). The
cell was assembled in an argon-filled dry box and tested
at room temperature. The cell was charged and dis-
charged at a current density of 0.4 mA/cm2 (C/3) with
cut-off voltages of 3.0�/4.3 V(vs. Li/Li�).

3. Results and discussion

Layered oxysulfide LiNiSyO2�y materials (y�/0, 0.1,

and 0.3) were prepared using sulfur powder to see the

effect of sulfur content doped in the material on the

electrode performance. Table 1 shows the real composi-

tions of the synthesized LiNiO2, LiNiS0.1O1.9, and
LiNiS0.3O1.7 compounds with their lattice constants. It

was observed that the amount of actually doped sulfur

was very small in LiNiSyO2�y compounds.

Fig. 1 shows XRD patterns for the prepared samples.

Fig. 1(a) is an XRD pattern for undoped LiNiO2,

whereas Fig. 1(b) and (c) are XRD patterns for

LiNiSyO2�y (y�/0.02, 0.03) compounds, respectively.

XRD spectra show that all the prepared samples have
typical LiNiO2 layered structure with a space group R/3̄/

m . No impurity peak is detected from the XRD spectra

of LiNiO2 and LiNiS0.02O1.98 compounds (Fig. 1(a) and

(b)), whereas the XRD peak of LiOH impurity appears

at 2u�/228 from the LiNiS0.03O1.97 compounds
although the magnitude of its inclusion is very low.
All the peaks appeared from the XRD patterns were
identified with the characteristic peaks of LiNiO2

reported in the X-ray powder data file of JCPDS as
well as previously reported works [4,19,20].

The lattice constants, a and c , of the synthesized

materials were calculated by the Rietveld refinement

using the XRD data of Fig. 1 and listed in Table 1. The

lattice constants a and c were identified to remain

almost constant about 2.88 and 14.19 Å, respectively,

for all the prepared samples even though increasing the
sulfur content in the material. This is because the

amount of actually doped sulfur is very low in

LiNiSyO2�y , as demonstrated in the chemical analysis.

The previous works reported that the lattice constants of

a and c of typical LiNiO2 layered structure are 2.88 and

14.18 Å, respectively [4].

The electrochemical properties of LiNiO2 have been

estimated by measuring the integrated intensities of
(003), (104), (006), and (101) peaks from XRD patterns

[4,21]. The integrated intensities of (003), (104), (006),

and (101) peaks were evaluated from the XRD patterns
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of Fig. 1 and the integrated intensity ratios of (003)/

(104) and (006)/(101) peaks were depicted in the upper

inset of Fig. 1. With increasing the sulfur content in the

material, the intensity ratio of (003)/(104) peaks de-

creases from 1.5 to 1.12, whereas that of (006)/(101)

peaks increases from 0.18 to 0.24. The previous work

reported that the LiNiO2 cathode material produces

good electrochemical property when the intensity ratio

of (003) and (104) peaks is higher than 1.2, while that of

(006) and (101) peaks is lower than 1.0. Our observed

data illuminate that the initial discharge capacity of our

prepared samples will decrease with increasing sulfur

content in the prepared samples.
The FTIR data collected on LiNiSyO2�y (y�/0.02)

powders generated by this process are shown in Fig. 2.

The presence of sulfur bond could be confirmed by

observing the S�/O vibration in the LiNiSyO2�y (y�/

0.02) powders. It should be mentioned that the S�/O

vibration attributed to the oxisulfide may not be easily

identified in the FTIR analysis of the oxide powder. The

characteristic S�/O bands are strong stretch, which

occurs in the range 1000�/750 cm�1. Also, sulfur and

oxide double bands occur at 1350 and 1175 cm�1,

respectively [22].

The morphology of the prepared samples was also

observed with a SEM. Fig. 3(a) and (b) show SEM

photographs for LiNiO2 and LiNiS0.02O1.98 compounds,

respectively. The shape of oxysulfide LiNiS0.02O1.98 is a

little bit different from that of LiNiO2. The LiNiO2

compound is shaped into a spherical structure, but the

LiNiS0.02O1.98 shows a more rectangular shape. The

average particle sizes of the powders are about 0.2�/0.5

Table 1

Lattice constants, lithium content, and sulfur content measured by Rietveld analysis, ICP, and sulfur analyzer, respectively

Nominal composition for LiNiS
y
O

2�y
Lattice constants Final Li composition (molar ratio) Final S composition (molar ratio)

a (Å) c (Å)

LiNiO
2

2.887 14.196 0.98 �/

LiNiS
0.1

O
1.9

2.880 14.199 1.01 0.02

LiNiS
0.3

O
1.7

2.880 14.194 1.04 0.03

Fig. 1. X-ray diffraction patterns for (a) LiNiO
2
, (b) LiNiS

0.02
O

1.98
, and (c) LiNiS

0.03
O

1.7
compounds prepared using sulfur powder at a pre-

calcination temperature of 450 8C. The gel precursors were calcined at 750 8C in O
2
. The upper inset shows the integrated intensity ratios of I(003)/

I(104) and I(006)/I(101) peaks as a function of sulfur content.
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mm for LiNiO2 and 0.5�/1 mm for LiNiS0.02O1.98,

respectively. It is considered that the rectangular shape

of the powders means that the LiNiS0.02O1.98 com-

pounds have highly crystallized layered structure. At

present, it seems that the structure of LiNiO2 is strongly

stabilized by the S-doping. It was observed in our

previous work that S-doped LiMn2O4 powder maintains

its original structure even after several charge�/discharge

cycles [15,16].

Shown in Fig. 4 are plots of the discharge capacity

measured at room temperature versus cycle number for

the Li/LiPF6�/EC/DMC (1:2 by vol.)/LiNiSyO2�y cells

fabricated using the synthesized compounds. The cells

were tested under a constant charge/discharge current

density of 0.4 mA/cm2 (C/3) between 3.0 and 4.3 V. Fig.

4(a) shows the discharge capacity for the cell fabricated

with undoped LiNiO2 compounds for comparison. The

LiNiO2 cell initially delivers a discharge capacity of 160

mAh/g. But the capacity gradually decreases with the

cycle number to be 130 mAh/g after the 45th cycles. For

the LiNiS0.02O1.98 and LiNiS0.03O1.97 cells, meanwhile,

the capacity retention rates are significantly improved

although the initial capacity of the cells decreases with

the increase of sulfur content doped in LiNiSyO2�y .

For example, LiNiS0.02O1.98 shows an initial discharge

capacity of 140 mAh/g and has the discharge capacity of

130 mAh/g even after 85th cycle. This corresponds to

93% of the initial discharge capacity. The reduction of

initial capacity by increasing S content in LiNiSyO2�y

compounds is due to the decrease of the amount of

extractable lithium, as anticipated in the inset of Fig. 1.

The removal of lithium from the layered nickel oxide is

accompanied by an oxidation of Ni3� to Ni4�. In

addition, the initial capacity of LiNiO2 electrode varies

depending on the amount of inserted/extracted Li�

ions. In our experiments, it was found from the chemical

analysis of the S-doped samples that the Li content

increases with the increase of sulfur amount doped in

LiNiSyO2�y . The inset of Fig. 1 showed the decrease of

Fig. 2. FTIR spectroscopy (diffuse reflectance mode) measured from

LiNiS
0.02

O
1.98

powder.

Fig. 3. Scanning electron micrographs for (a) LiNiO
2

and (b)

LiNiS
0.02

O
1.98

.

Fig. 4. Plots of specific discharge capacity vs. number of cycles for the

Li/LiPF
6
�/EC/DMC(vol.1:2)/LiNiS

y
O

2�y
powders. Cycling was car-

ried out galvanostatically at constant charge/discharge current density

of 0.4 mAh/cm2 between 3.0�/4.3 V at room temperature. (a) LiNiO
2
,

(b) LiNiS
0.02

O
1.98

, and (c) LiNiS
0.03

O
1.97

.
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the integrated intensity ratio of the (003)/(104) peaks

with the increase of sulfur content in LiNiSyO2�y . It is

likely that the excess amount of lithium content slightly

affects the degree of the displacement of lithium and

nickel ions in the LiNiO2 structure, resulting in the

reduced initial capacity of Li1�xNiO2�ySy .
Meanwhile, the capacity retention rate was apparently

improved for the sulfur doped LiNiO2. At present, it is

not clear why a better retention rate is attained from the

sulfur doped lithium nickel oxides. But the following

possibilities might be proposed to explain the improve-

ment of the retention rate in the sulfur doped lithium

nickel oxides. In S-doped layered NiO2 framework, it is

assumed that the partial substitution of oxygen with

sulfur for LiNiO2 might create a more flexible structure

because the electronegativity of sulfur is lower than that

of oxygen, which prevents the disintegration of the

structure by the elongation between layers due to

intercalation/deintercalation of lithium ions during the

charge�/discharge cycles. It also seems that this behavior

is attributed to the increases of ion transport for lithium

by the sulfur doping. According to the electrochemical

study on thiospinel (LixTi2S4) structure [23], it seemed

reasonable to assume that the relatively large size and

polarizability of sulfur ions makes it easy for lithium

ions to transport in the oxide structure, which reduces

the structural strains of the material formed in the

process of Li ion insertion. Another possibility might be

assumed to be due to the catalytic activity of sulfur

element in the synthetic process of S-doped LiNiO2

phase. Some previous works reported the catalytic

activity of sulfur in oxidation process of metals [24]. In

Fig. 3, it was shown that the particle size of Li-

NiS0.02O1.98 is larger that that of LiNiO2. This suggests

that the sulfur might act as a catalyst in the synthetic

process of S-doped LiNiO2 to increase the particle size

and enhance the structural stability. Consequently, it

seems that the substitution of a small amount of S for O

stabilizes the structural integrity of the electrode mate-

rial which in turn increases the electrode performance.

The stabilization of the LiNiO2 structure might be

indirectly explained from the charge�/discharge curves

of cells. Fig. 5(a) and (b) show the charge�/discharge

curves for LiNiO2 and LiNiS0.02O1.98 cells, respectively.

The charge�/discharge curve of LiNiO2 (Fig. 5(a)) has

four distinct plateaus in the whole cut-off voltage

region. The plot agrees well with results published in

the literature, which show four-stepped structural

changes in the charge process [14,25]. The appearance

of the potential plateau near 4.0 V Li/Li� is due to the

formation of NiO2 phase, which causes the capacity fade

Fig. 5. Charge�/discharge curves for (a) LiNiO
2

and (b) LiNiS
0.02

O
1.98

measured at room temperature.

Fig. 6. Cyclic voltammograms for (a) LiNiO
2

and (b) LiNiS
0.02

O
1.98

measured at 0.2 mV/s.
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of the LiNiO2 electrode during cycling. However, the

charge�/discharge curve of the LiNiS0.02O1.98 cell (Fig.

5(b)) is different from that of LiNiO2 (Fig. 5(a)). The

plateau is not observed in the charge�/discharge curve of
LiNiS0.02O1.98. The observation of a monotonous curve

in the charge voltage region indicates that no phase

transition occurs during cycling and lithium ion diffu-

sion can proceed in a single phase.

We also measured the cyclic voltammograms of

LiNiO2 and LiNiS0.02O1.98 and showed them in Fig.

6(a) and (b), respectively. In Fig. 6(a), three peaks

appear from the charge curve measured at the second
cycle. The peaks represent the occurrence of electro-

chemical reactions due to the phase changes of LiNiO2

during cycling. In the charging process, it was reported

that LiNiO2 showed a sequential change in the crystal

structure from the hexagonal phase (H1) to the mono-

clinic phase (M), hexagonal phase (H2) again, then two

hexagonal phases (H2�/H3), finally a single hexagonal

phase (H3) [25]. They suggested that these phase
changes are related to the deformation of the NiO2

layer in the LiNiO2 crystal lattice, resulting in an

irreversible structure change. However, no peak is

observed from the charge curve of LiNiS0.02O1.98

measured at the second cycle, as shown in Fig. 6(b).

The monotonous variation of the charge curve evidences

that there is no phase transition during the charge�/

discharge processes. This indicates that the S-doping
greatly improves the stability of the LiNiO2 structure

and retains its original layered structure during the

charge�/discharge processes. Consequently, the above

two electrochemical measurements clearly demonstrate

that the structure of LiNiO2 can be significantly

stabilized by the S-doping, producing the fact that the

cyclability of LiNiSyO2�y (y�/0.02 and 0.03) is super-

ior to that of LiNiO2.

4. Conclusions

We have synthesized and characterized layered oxy-

sulfide LiNiSyO2�y compounds to develop good cath-

ode material for the secondary lithium batteries. The

structural and electrochemical characteristics of the
prepared LiNiSyO2�y powders were investigated as a

function of the content of sulfur doped in LiNiSyO2�y

compounds. The LiNiO2 cell initially delivers a dis-

charge capacity of 160 mAh/g. But the capacity gradu-

ally decreases with the cycle number. For the

LiNiSyO2�y (y�/0.02, 0.03) cells, the capacity retention

rates are significantly improved. But the initial capacity

of the cells decreases with the increases of sulfur content

doped in the material.
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