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Abstract Syntheses of LiNiO2, LiCo0.5Ni0.5O2, and
LiAl0.25Ni0.75O2 as thin ®lms were carried out by elec-
trostatic spray deposition (ESD) onto a gold substrate.
Single-phase LiNiO2 ®lm was obtained using a precursor
solution of Li(OCOCH3)+Ni(OCOCH3)2/ethanol, and
by heating the deposit at 700 °C under an oxygen
stream. In the case of cobalt or aluminum doping,
Co(NO3)2/ethanol or Al(NO3)3/ethanol were added to
the precursor solution in a given ratio. X-ray di�racto-
metry revealed that all ®lms had a crystal structure of
space group R�3m; a� 2.879, c� 14.197 AÊ for LiNiO2;
a� 2.844, c� 14.152 AÊ for LiCo0.5Ni0.5O2; a� 2.855,
c� 14.148 AÊ for LiAl0.25Ni0.75O2 (in hexagonal setting).
Although these products were highly porous, it was
observed that the average ®lm thickness of LiNiO2 in-
creased almost proportionally with the deposition time.
Electrochemical measurements (cyclic voltammetry,
charge/discharge measurement at a constant current)
were carried out in organic solutions of LiClO4 (1 mol
dm)3 LiClO4/propylene carbonate+ethylene carbon-
ate). The results indicated that thin ®lms fabricated by
ESD were electrochemically active for lithium ion ex-
traction/insertion. The e�ect of cobalt or aluminum
doping on the voltammograms is also described.
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Introduction

The lithium insertion reaction into transition metal ox-
ides forms a class of electrodes with many electro-
chemical applications. Presently, a large number of
lithiation studies are concentrated on cathode materials
for secondary lithium ion batteries. Materials reported
so far are LiCoO2 [1], LiMn2O4 [2], LiNiO2 [3, 4], and
those containing dopant [5±8]. LiMn2O4 has a spinel-
framework structure and other materials have a-Na-
FeO2-type structures. Studies of LiCoO2 and LiMn2O4

are more advanced than those of other materials because
of the simplicity of preparing these cathodes.

Despite the high cost, the LiCoO2 cathode is used in
commercial batteries and accepted on the market.
LiMn2O4 is one of the most attractive cathode materials
owing to its economic and environmental advantages
compared with LiCoO2. However, stoichiometric Li-
Mn2O4 has been shown to exhibit poor cycling behavior.
LiNiO2 is also attractive for its electrochemical reactivity
in nonaqueous lithium cells. The reactivity strongly de-
pends on the preparation conditions, which a�ect the
structural disorder or defects in the LiNiO2 matrix [3]. It
is also known that crystal structure changes induced in
the cathode by overcharge cause a serious degradation
of reversibility in charge/discharge cycles. Although a lot
of e�ort has been made to elucidate the electrochemical
properties and the relation between crystal structure and
lithium intercalation/deintercalation processes, the in-
vestigations have been mainly performed using the pel-
let-like composite electrodes.

The fabrication of a thin ®lm cathode is an important
requirement for a thin layer-type high-energy-density
battery. In such thin ®lms the inserted lithium ions dif-
fuse across a short distance, and a quasi-equilibrium
charge/discharge is attained in a shorter time compared
to pellet-type electrodes. In addition, the thin ®lm
technique allows examination of the electrochemically
interesting behavior of the cathode simultaneously with
the crystallographic properties. For example, in situ
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conductivity-potential pro®les can be obtained by using
thin ®lm electrodes combined with interdigitated mic-
roarray electrodes [9]. To do this, one must optimize the
available ways to prepare thin ®lm cathodes.

LiCoO2 and LiMn2O4 thin ®lms have been synthe-
sized by several methods: radiofrequency sputtering [10,
11], laser ablation [12], chemical vapor deposition [13],
or electrostatic spray deposition (ESD) [14±16]. How-
ever, attempts to prepare LiNiO2 thin ®lms have not
been reported. This may be due to the di�culty of fab-
ricating an electrochemically active LiNiO2 thin ®lm. In
the present study we carried out the synthesis of LiNiO2

in thin ®lm form by ESD and investigated its electro-
chemical properties in an organic solution. The e�ect of
doping the LiNiO2 thin ®lm with cobalt or aluminum
was also examined. These are attractive elements be-
cause LiNiO2, LiCoO2, and a-LiAlO2 are isostructural
with a-NaFeO2, having a space group R�3m in which
transition metal and alkali metal ions are respectively
located at 3a and 3b sites in a cubic close-packed oxygen
array.

Experimental

The principle of the ESD technique is schematically shown in Fig. 1
[14±17]. This method comprises generating an aerosol by applying
a high voltage between a substrate and a sprayed solution con-
taining the desired precursor materials. In the set-up used here the
solution was sprayed downward to a substrate.

All chemicals were of reagent grade and used as received. As
precursor materials, Li(OCOCH3)á2H2O, Ni(OCOCH3)2á4H2O,
Co(NO3)2á6H2O, and Al(NO3)3á9H2O (Wako Pure Chemicals) were
used. The stock solutions of these reagents were ethanol solutions
of 0.055 mol dm)3 of Li(OCOCH3)á2H2O and 0.050 mol dm)3 of
the others. The solutions were well mixed in a given molar ratio (Li/
Ni� 1.1/1, Li/Ni/Co� 1.1/0.5/0.5, Li/Ni/Al� 1.1/0.75/0.25) as a
precursor solution prior to each experiment. The ratio of lithium to
nickel or summation of nickel and dopant metals was higher
than the stoichiometric ratio to avoid lithium de®ciency. The
concentration of lithium in precursor solutions was 0.0275 mol
dm)3, and that of nickel or mixtures of Ni/Co or Ni/Al was
0.025 mol dm)3.

In this study a gold ¯ag-type disk electrode (Nilaco, 99.95%,
6 mm diameter, 0.1 mm thick) was used as a substrate to avoid
interaction with lithium ions under oxidizing conditions and to
simplify identi®cation of the product. The substrate was put on a

hot plate made of aluminum (15 ´ 15 ´ 1.5 cm) with three seamless
heaters (Firerod, 500 W type), and grounded via the plate. The
temperature of the hot plate was monitored by a Alumel-Chromel-
type thermocouple sheathed in a stainless steel tube, and controlled
at 350 � 5 °C. The precursor solutions ¯owed through a stainless
needle (0.3 mm I.D., 0.5 mm O.D., 22 mm length) using a syringe
pump (Kd Scienti®c type 100) at a rate of 3.9 ml h)1. A 20 ml glass
syringe (18 mm I.D.) was used. A Te¯on tube was used to connect
the syringe and the needle.

To generate an aerosol of precursor materials, a positive voltage
of 11 kV was applied to the needle using a high-voltage power
supply (Matsusada Precision, type HVR-12P) with a ¯owing pre-
cursor solution. The needle-substrate distance was ®xed at 5.5 cm.
These values were determined from the viewpoint of homogeneity
of spraying, and ®xed through experiments. The deposition was
conducted for 1±6 h, and both sides of the substrate were covered
for the same deposition time. To measure ®lm thickness, a gold
substrate partly covered with an aluminum sheet was sprayed to
distinguish a step.

The sample deposited on the substrate by spraying was calcined
in an alumina boat at 450 °C for 0.5 h under air, and successively
heated at 700 °C for 1.5 h under an oxygen stream. The product,
cooled with ¯owing oxygen, was immediately transferred to a
vacuum vessel, where it was kept to avoid exposure to moisture
until the electrochemical measurements were made. The amount of
product was determined using a highly sensitive electromicrobal-
ance (Mettler, MT5). Normally, the amount was in the range of
0.1±0.7 mg. The compositions of dopant and nickel were deter-
mined using an electron probe X-ray microanalyser (EPMA)
(Hitachi, X-650S).

The phase of the product was identi®ed by X-ray di�ractometry
(XRD) (Rigaku, RAD-IC di�ractometer). CuKa1 (k� 1.54056 AÊ )
radiation (40 kV, 20 mA) monochromatized with curved pyrolytic
graphite was used. The slit system was 1°±1°±0.15±0.3 mm. The
scanning speed was 1°/min)1. The data were collected at 0.02° in-
tervals. The intensity and least-squares lattice parameter calcula-
tions were carried out with the LAZY-PULVERIX [18] and LCR2
[19] programs, respectively.

The morphology of the product was observed by a scanning
electron microscope (Hitachi, S-4100L). The average ®lm thickness
was determined by a surface pro®le measuring system (Ulvac De-
ktak3ST).

Electrochemical measurements were performed in a mixture of
propylene carbonate (PC) and ethylene carbonate (EC) containing
1 mol dm)3 LiClO4 in a dry box ®lled with dry air. A T-type glass
cell was assembled in a glove box ®lled with argon gas. The reference
and the counter electrodes were lithium foil sustained by nickel mesh
metal. Cyclic voltammetry was carried out using a potentiostat
(Hokuto, HAB151) controlled by a personal computer combined
with an AD/DA converter (Adtek, System Science, type AB98-57B)
and a custom-made program. The upper and lower potential limits
were set at 4.3 V and 3.0 V, respectively, and the potential scanning
rate was 0.3 mV s)1. The charge/discharge test at a constant current
of 17 lA cm)2 was carried out using a Mac Pile system (CNRS
Science Instruments). The potential limits were 4.3 V and 3.3 V. In
both cases, the measurements were repeated for ®ve cycles.

Results and discussion

LiNiO2 ®lm

Figure 2 shows a typical XRD pattern of LiNiO2 ®lm
deposited for 6 h (average ®lm thickness: 10.3 lm). In
the ®gure the peaks of the gold substrate are also shown.
The halo pattern between 15° and 35° was attributed to
the glass holder used to sustain the 6 mm diameter gold
substrate with products. All the peaks except those of
the substrate can be assigned to the a-NaFeO2-type

Fig. 1 Schematic representation of the electrostatic spray deposition
(ESD) technique
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crystal structure of space group R�3m, indicating that the
product was a single phase. The lattice parameters of
LiNiO2 were calculated by the Nelson-Riley least-
squares method on the LCR2 program and found to be
a� 2.879, c� 14.197 AÊ in hexagonal setting. These val-
ues were slightly di�erent from the reported values
(a� 2.88, c� 14.18 AÊ ) [4]. This may be attributed to the
di�erence in preparation conditions. It is generally ac-
cepted that the deviation from the stoichiometric ratio of
Li/Ni can be estimated from the ratio of the integrated
intensity of I(003)/I(104) [20]. However, this XRD result
could not be used for such an estimate owing to over-
lapping of the (104) re¯ection and a strong substrate
peak. Although in macroscopic observation the surface
morphology of the LiNiO2 ®lm exhibited the appearance
of a smooth ®lm, close observation by scanning electron
microscopy suggested that the ®lms were quite porous.
In spite of this highly porous appearance in close-up, it
was found that a linear relation exists between the av-
erage ®lm thickness and the deposition time, as shown in
Fig. 3. The ®lm growth rate was about 1.6 lm h)1.

From XRD it was concluded that the thin ®lm thus
prepared was a single-phase LiNiO2. Figure 4 shows

typical charge/discharge curves for a LiNiO2 ®lm de-
posited for 4 h. It is noteworthy that exposure of the
electrode to moisture should be prevented in order to
maintain the charge/discharge capability constant.
Moisturizing the ®lm resulted in performance degrada-
tion. The open circuit voltage of a freshly prepared ®lm
was around 3.3 V. Upon charging, the initial charge
capacity until the cut-o� voltage of 4.3 V was ca.
230 mAh g)1 based on LiNiO2 sample weight. With this
charge capacity, the x value in Li1-xNiO2 of the follow-
ing equation was calculated to be 0.84 at the end of
charging:

LiNiO2 � Li1ÿxNiO2 � xLi� � xeÿ �1�
The initial discharge capacity was smaller than the
charging capacity by 49 mAh g)1, so the coulombic ef-
®ciency (discharge capacity/charge capacity) was 79%.
However, it increased to 99% by the ®fth cycle, and the
x value at the end of charge was 0.54. Although some
ambiguities remain about the initial large capacity loss,
we have con®rmed the coulombic reversibility during
charge/discharge cycling for this thin ®lm.

In Fig. 4, several plateaus can be distinguished. In
order to clarify the potential pro®le of this redox be-
havior, dQ/dE for the ®fth cycle was plotted against E in
Fig. 5. During charging, two main peaks at 3.66 V and
4.00 V are observed, and the corresponding peaks dur-
ing discharging are at 3.62 V and 3.97 V. The mid-point
potentials for these redox peaks were calculated to be
3.64 V and 3.99 V. These results are similar to the be-
havior reported for a pellet-type LiNiO2 electrode [4].

Fig. 2 X-ray di�raction (XRD) pattern of LiNiO2 ®lm synthesized by
ESD. Depositon time was 6 h

Fig. 3 Dependence of deposition time on LiNiO2 ®lm thickness

Fig. 4a, b Charge/discharge curves for a LiNiO2 ®lm electrode at a
constant current of 17 lA cm)2 in 1 mol dm)3 LiClO4/(PC+EC).
The depositon time was 4 h. a ®rst cycle, b ®fth cycle
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XRD analysis at open circuit potential (3.3 V) and at
the cut-o� potential (4.3 V), as shown in Fig. 6, was
used to observe the structure change. The 2h angle of the
(003) re¯ection shifted to a lower value during charging
from 3.3 V to 4.3 V, while the angles of the (101) and
(113) re¯ections shifted to higher values. This observa-
tion agrees with results in the literature [21]. The XRD
pattern at 4.3 V may be assigned to the crystal structure
R�3m, in which case the lattice parameters at 4.3 V were
a� 2.841, c� 14.323 AÊ (in hexagonal setting). The
volume change of the unit cell decreased by 2%. From
the results described above, it may be concluded that the
LiNiO2 ®lm prepared by ESD is electrochemically the
same as that of samples prepared in other ways [4, 21].

To investigate the doping e�ect of cobalt or alumi-
num, comparative cyclic voltammetry studies were car-
ried out for doped and non-doped LiNiO2 ®lms.
Figure 7 shows cyclic voltammograms for non-doped
LiNiO2 ®lm in 1 mol dm)3 LiClO4/(PC+EC) at a scan
rate 0.3 mV s)1. A single broad peak at Ep

a� 3.85 V was
observed during the anodic scan, with corresponding
cathodic peaks at Ep

c� 3.45 V. It was found that the
peak potential hardly changed upon repeated cycling up

to the ®fth scan. The peak separation was 0.4 V, and the
mid-point voltage was calculated to be 3.65 V. The ob-
served voltammograms correspond very well to the po-
tential pro®le of dQ/dE shown in Fig. 5.

Co-doped LiNiO2 ®lm

Figure 8 shows the XRD pattern of LiCo0.5Ni0.5O2 ®lm
of deposition time 4 h. The ratio of Co/Ni determined
by the EPMA technique was 47/53. All the peaks except
those of the substrate can be explained by the crystal
structure R�3m. It is clear that the product is a single
phase. The calculated lattice parameters were a� 2.844,
c� 14.152 AÊ (in hexagonal setting), and these values are
close to the values of a� 2.84, c� 14.1 AÊ reported in the
literature [5]. The cell volume changed by doping with
cobalt, the unit cell volume being reduced by 3%, which
is close to the result in the literature [5]. Since the lattice
parameter changes, the (104) re¯ection peak becomes
distinguishable from the substrate peak.

Fig. 5 dQ/dE versus E plot from the charge/discharge curve of Fig. 4

Fig. 6a±c Shift of XRD peak
over the potential change from
3.3 V to 4.3 V. a (003), b (101), c
(113) re¯ections

Fig. 7 Cyclic voltammograms for a LiNiO2 ®lm electrode in 1 mol
dm)3 LiClO4/(PC+EC) at a scan rate 0.3 mV s)1. The deposition
time was 1 h
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Figure 9 shows cyclic voltammograms for LiCo0.5-
Ni0.5O2 ®lm obtained under the same conditions as
Fig. 7. Surprisingly, the peak at 3.54 V during the initial
anodic scan was smaller than others. In the cycles fol-
lowing the initial scan, two peaks were observed at
Ep

a� 3.60 V and 3.67 V, with a corresponding peak at
3.54 V and a small shoulder at 3.65 V during the ca-
thodic scan. Although with cycling the anodic peak
potentials shifted slightly positive, the peak separations
between the anodic and cathodic peaks were much
smaller than those in Fig. 7. The charge/discharge cou-
lombic e�ciency in the ®fth cycle was 94%. These results
lead to the conclusion that the charge/discharge behav-
ior of LiCo0.5Ni0.5O2 was improved compared with that
of LiNiO2.

Al-doped LiNiO2 ®lm

Figure 10 shows the XRD pattern of a LiAl0.25Ni0.75O2

®lm of deposition time 4 h. The ratio of Al/Ni deter-
mined by the EPMA technique was 21/79. In this ®gure
the peak intensities of the ®lm product were weak and
the peaks were ambiguous. Although it is necessary to
anneal at a higher temperature in order to improve the
crystallinity of the product, in the case of the synthesis
using the open system the de®ciency of alkali metal in
the product is frequently observed after annealing at
high temperature. In the present experiment, since it was
observed that the peak intensity of the (003) re¯ection
gradually reduced with increasing reaction time at
750 °C, the annealing was carried out at 700 °C. Al-
though the intensities of the peaks in Fig. 10 were weak,
all peaks except those of the substrate could be assigned
to the R�3m structure, indicating that the product was a
single phase. The lattice parameters of LiAl0.25Ni0.75O2

were calculated to be a� 2.855, c� 14.148 AÊ . These
values were slightly di�erent from the reported values
(a� 2.86, c� 14.24 AÊ ) [6].

Figure 11 shows cyclic voltammograms for a
LiAl0.25Ni0.75O2 ®lm under the same conditions as
Fig. 7; in the ®rst cycle, Ep

a� 3.84 V for the anodic
scan and Ep

c� 3.70 V for the cathodic scan. However,
the peak separation rapidly became broader with cy-
cling. The charge/discharge coulombic e�ciency in the
®fth cycle was 62%. Apparently the doping of LiNiO2

with aluminum resulted in considerable degradation of
the charge/discharge behavior. The increased peak
separation might be attributed to the irreversible
change of crystal structure and/or the iR contribution:
aluminum doping may cause the reduction of electronic
conductivity. To clarify the iR contribution, more
detailed investigations are needed that focus on in
situ measurements like the conductivity-potential
pro®les [9].

Fig. 8 XRD pattern of LiCo0.5Ni0.5O2 ®lm synthesized by ESD.
Depositon time was 4 h

Fig. 9 Cyclic voltammograms for a LiCo0.5Ni0.5O2 ®lm electrode in
1 mol dm)3 LiClO4/(PC+EC) at a scan rate 0.3 mV s)1. The
deposition time was 1 h

Fig. 10 XRD pattern of a LiAl0.25Ni0.75O2 ®lm synthesized by ESD.
Depositon time was 4 h
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Conclusions

Thin ®lms of LiNiO2, LiCo0.5Ni0.5O2, and LiAl0.25-
Ni0.75O2 were synthesized on a gold substrate by ESD.
XRD revealed that each ®lm was a single phase, and had
the R�3m crystal structure. The lattice parameters cal-
culated using the LCR2 program were a� 2.879,
c� 14.197 AÊ for LiNiO2; a� 2.844, c� 14.152 AÊ for
LiCo0.5Ni0.5O2; and a� 2.855, c� 14.148 AÊ for
LiAl0.25Ni0.75O2 (in hexagonal setting). All of these ®lms
were porous, and the average ®lm thickness of LiNiO2

increased almost linearly with the deposition time.
Electrochemical characterization was carried out by
cyclic voltammetry and charge-discharge tests. These
tests revealed that all of the thin ®lms were electro-

chemically active for lithium ion extraction/insertion in
1 mol dm)3 LiClO4/(PC+EC). While cobalt doping of
the LiNiO2 ®lm improved the charge/discharge behav-
ior, aluminum doping resulted in its degradation.
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