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Pristine and Si4+ doped NiTiO3 are successfully synthesized by molten salt method and electro-
chemically characterized for its use as an anode material for Li-ion batteries. The X-ray diffraction
(XRD) results enumerates that the lattice parameter and the cell volume decreases upon the addi-
tion of Si4+ due to its smaller ionic radius. The presence of Si4+ in NiTiO3 structure was also
confirmed using FTIR analysis, which showed the stretching vibrations of Si O at ∼ 1008 cm−1.
The SEM images reveal that the NiTiO3 particles are in micrometer range and the size of the parti-
cle is found to be decrease after Si4+ addition. The electrical studies infers an enhancement in the
conductivity from 4�4×10−7 S ·cm−1 to 1�7×10−6 S ·cm−1 on dopant addition. The initial discharge
capacity of NiTiO3 is found to be 1257 mA h g−1 and there is a capacity fading on consecutive
cycles. NiTi0�9Si0�1O3 enhances the cyclic performances and a constant capacity around 400 mA
h g−1 is maintained, a very good reversibility with almost 100% efficiency is observed elucidating
the fact that almost all the Li ions intercalated are successfully de-intercalated during the discharge
process.
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1. INTRODUCTION
Lithium ion batteries (LIB) are most promising energy
storage device due to its high energy density, low self
discharge, long cycle life and hence found major role in
many applications such as in mobile industry, computer
applications, digital cameras, stationery and many other
portable applications. However its usage is limited in the
case of electric/hybrid vehicles applications due to the lack
of sufficient power density which is determined by the
faster charge discharge rates necessary to meet its demand.
Recently, many researches are focused on finding an
alternative electrode materials for LIB. The commercially
available batteries utilizes graphite as negative electrode,
which shows excellent cycling behaviour, long cycle life
and low cost. The major drawback is being it possesses a
low theoretical capacity of ∼ 372 mA h g−1which is not

∗Author to whom correspondence should be addressed.

enough to meet today’s need. So, there is an alternative
search for the material that could exhibit higher capacity
along with improved life. The alternatives are Si, Sn, and
Ge based materials which are electrochemically alloyed
with lithium and result in formation of reversible LixSi,
LixSn, and LixGe where x denotes the number of moles of
lithium participated for energy storage. These alloy anodes
delivers high specific capacity of about 2–10 times higher
than the graphitic anodes. The major drawback of these
materials is that there is an enormous volume changes
occurring on electrode during Li alloying/de-alloying that
causes cracks on the electrode surface which decreases
its cycle life.2–4 Hence efforts are taken to overcome
these drawbacks such as the usage of multiphase alloy
anodes or mixing the active and inactive components in
which the inactive component is responsible for regulat-
ing the volume changes or core shell nanocomposites such
as Cu6Sn5–TiC–C nanocomposite alloy,5 Cu2-Sb@C6 etc.
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with excellent cyclability. In this line, one dimensional
metal oxides such as Co3O4,

7 NiO,8 Fe3O4,
9 Mn2O3,

10

SnO2,
11 TiO2,

12 AMn2O4 (Co, Ni, Zn),13 MnO14 are con-
sidered as promising negative electrodes for LIB which
provides high capacity along with better rate perfor-
mances. The major advantage of these metal oxides in
LIB application is that there will be a minimum disrup-
tion in the material on Li ion intercalation during the
charge/discharge process. Some of these transition metal
oxides like NiO, CuO, FeO, and CoO undergo conver-
sion reaction since these metal oxides can’t form alloy
with lithium since due to the lack of sufficient voids for
Li ion insertion/de-insertion. These transition metal oxides
undergo conversion reaction, forming metal nano particles
embedded in the LixO matrix upon discharge. The LixO
matrix is completely decomposed and the metal nano par-
ticles are converted into their respective oxides on fur-
ther charging, thereby minimizing the volume changes and
hence excellent electrochemical stability can be achieved
even after hundreds of cycles.
Research works on anode materials for LIB in the recent

days are mainly focussed on titanium based anode mate-
rials such as Li4Ti5O12, TiO2, and NaLi2Ti6O14, Li2Ti6O3

etc for its usage in hybrid electric vehicles applications
etc. The structural changes upon Li ion intercalation/de-
intercalation are almost negligible in the case of Li4Ti5O12

and less than 4% for TiO15
2 which extend its cycle life

offered by their outstanding structural stability.16–19 These
metal titanates are promising material due to their high
safety, low cost, long cycle life, electrode potential val-
ues matches with the available cathode material, struc-
turally stable etc. However, its low diffusion coefficient of
Li ions and poor electrical conductivity limits them from
being used in high power application. Several efforts has
been focussed to improve these difficulties such as syn-
thesizing materials in nanometer size or doping with alio-
valent metal ions or fabricating polymer/metal oxide nano
composites etc.
In this sequence of metal titanates, our present research

work is focussed on synthesizing nickel titanate, NiTiO3

using molten salt method which is believed to deliver high
power, long cycle, extreme safety and optimum electrode
potential. NiTiO3 belongs to ABO3 type ilmenite structure
with both the ions Ni and Ti are of approximately equal
sizes.20 NiTiO3 has its potential application in variety of
fields such as in photo catalytic application, metal air bat-
teries, gas sensors, electrodes for solid oxide fuel cells21–23

etc. And this is the first report for ilmenite NiTiO3 applied
as an anode material for Li ion batteries.
NiTiO3 was synthesized by various techniques such

as sol–gel method,24 pechini process,25 co-precipitation
method,26 solution combustion technique,27 polymeric
precursor method28 etc. In the present work, molten salt
synthesis method was employed since it is liable to syn-
thesis materials with desired morphologies which does not

require any complicated set up. The major drawback asso-
ciated with these metal oxides is that they possess poor
electronic conductivity and which could be rectified by
increasing the interlayer spacing efficient for easier Li ion
insertion/de-insertion, by either synthesizing materials in
the nano meter range or doping with alio valent metal ions
or coating the materials with conductive materials such as
carbon etc. In the present work, doping of Si4+ for Ti4+

site was employed to enhance the electronic conductivity
thereby improving the electrochemical performance of the
pristine material.
In this paper, we reported the synthesis of NiTiO3 and

0.1 mole percentage of Si doped NiTiO3 (NiTi0�9Si0�1O3) by
simple molten salt method and characterized using various
techniques such as XRD, FTIR, and SEM. The electrical
study was performed using a.c. impedance spectroscopic
technique and the electrochemical performance of the pre-
pared materials was carried out by charge–discharge stud-
ies cycled between 0.0–3.0 V. The preliminary study on
the theoretical capacity of spinel lithium titanate at lower
potential was done by Ge et al.29 that gives an idea to
achieve higher specific capacity when discharged to lower
potentials. The theoretical capacity for the material dis-
charged to 0 V would be higher than for discharged to 1 V
due to the increase in the number of Li ion intercalated/de-
intercalated upon discharged to 0 V.30�31

2. EXPERIMENTAL DETAILS
NiTiO3 was prepared by simple molten salt synthe-
sis method. For the material preparation, stoichiometric
amounts of the starting precursors NiO and TiO2 were
taken and ground well using mortar and pestle for about
half an hour. In to the above mixture, the fused salts of
NaCl and KCl in the molar ratio of 1:1 was added and
again ground for another half an hour to get a well milled
powder. The above mixture was placed in a quartz cru-
cible and placed in the furnace and heated at 850 �C for
10 h to get the resultant product. The reaction takes place
in the liquid medium due to the presence of molten salts.
The advantage of this method is that the reaction rate gets
enhanced which decreases the reaction temperature when
compared to the conventional solid state reaction and pos-
sibility of obtaining particles with increased homogene-
ity. The resultant product was washed several times with
double distilled water and ethanol to remove the residual
chloride salts. It was then dried at 120 �C for 1 hour and
utilised for further characterisations. The same procedure
was adopted for the preparation of NiTi0�9Si0�1O3, in which
sodium metasilicate (Na2SiO3 ·9H2O) was used as silicon
source.

2.1. Structural and Morphological Characterization
The X-ray Diffraction (XRD) studies were carried out
using XPERT-PRO diffractometer system with Cu K�
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radiation (� = 1�5405 Å) at 30 mA and 40 KV. The lat-
tice parameter values were calculated using UNITCELL
software. The Fourier Transform Infra-red (FT-IR) spectra
were recorded using Avarter model FT-IR Spectrometer
in the range of 4000–400 cm−1. The Scanning Electron
Microscopic (SEM) images were recorded using Hitachi-
S3000H-SEM model. The a.c. impedance spectroscopy
was performed by using HIOKI 3532 LCR HITESTER
in the frequency range from 50 Hz–10 KHz. For this,
the powder was pressed into pellets of diameter 1 cm
and being sandwiched between two metal electrodes for
measurements.

2.2. Electrochemical Measurement
For the electrochemical characterization of NiTiO3 and
NiTi0�90Si0�10O3, the electrodes were prepared by mixing
the active material with Super b black, PVDF in the weight
ratio of 80:10:10 using N -methyl 2-pyrrolidone (NMP)
as solvent to form slurry which was coated on pure alu-
minium foil and dried for 4 hr in vacuum oven. The dried
electrode was used as the anode, the electrochemical cells
were assembled in an argon filled atmosphere with Li
metal as cathode, micro porous membrane (CELGRAD
3501) as separator in 1 M LiPF6 in ethylene carbonate
(EC): Diethylene carbonate (DEC) with 1:1 vol% as an
electrolyte. The fabricated coin cells were charged to 3.0 V
versus Li/Li+ and then discharged to 0.00 V versus Li/Li+

at a current density of 0.4 mA/cm2 (Arbin cycler, USA).

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction (XRD)
In order to examine the effect of Si addition on the
structural characteristics of pristine NiTiO3, XRD charac-
terizations were carried out using Cu-K� radiation (� =
1�5405 Å). Figure 1(a) and (b) shows the X-ray diffraction
pattern of NiTiO3 and NiTi0�90Si0�10O3. The sharp peaks
show the highly crystalline nature of the materials.
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Figure 1. XRD pattern of (a) NiTiO3 and (b) NiTi0�90Si0�10O3.

The peaks observed at 2� = 24�03, 32.99, 35.548, 40.76,
49.34, 53.90, 57.35, 62.35, 63.97, 71.65, 75.7 corresponds
to the lattice planes of (012), (104), (110), (113), (024),
(116), (018), (124), (300), (10 10), (217) respectively.32

The observed peaks are well matched with standard
JCPDS file No. 83-0198 which corresponds to the rhom-
bohedral crystal structure with R3̄ space group. It is also
observed that, there is a segregation of SiO2 impurity
phase which indicates that the dopant couldn’t able to enter
into the lattice site of pristine NiTiO3.

33

The magnified peak position of (1 0 4) plane is shown in
Figure 2. It is to be noted that shift in the peak towards the
lower angles was observed upon Si addition on NiTiO3.
As the angle (�) becomes smaller, the atomic layer sep-
aration (d) gets increased which is favourable for easier
insertion/de-insertion of Li ions into the lattice34 as shown
in Bragg’s equation,

2d sin � = n� �n= 1�2�3 � � �� (1)

where d is the inter-planar spacing, � is the diffrac-
tion angle, � is the X-ray wavelength. Therefore it is
believed that the NiTi0�90Si0�10O3 would possess better elec-
trochemical performance than that of the parent NiTiO3.
The calculated lattice parameter values are a= 5�0288 Å,
c = 13�7827 Å for NiTiO3 and a = 5�0258 Å, c =
13�7851 Å for NiTi0�90Si0�10O3, respectively. The cell vol-
ume calculated using these lattice parameter values is
found to be 301.8614 Å3 and 301.4838 Å3 for NiTiO3

and NiTi0�90Si0�10O3 respectively. As expected, the lattice
parameter values and the cell volume gets decreased on
addition of dopant which is due to the fact that the ionic
radii of Si4+ (0.42 Å) being smaller than that of the Ti4+

(0.68 Å).35

The lattice density values are calculated to be 5.1006
and 5.0407 g/cm3 for NiTiO3 and NiTi0�90Si0�10O3 respec-
tively. It is observed that, the lattice density value is
smaller for NiTi0�90Si0�10O3 compared with NiTiO3 since
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Figure 2. Magnified image of high intensity (1 0 4) plane spectra of
(a) NiTiO3 and (b) NiTi0�90Si0�10O3.
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the atomic weight of Si (28.085 g) being smaller than
Ti (47.867 g). The crystallite size calculated by using
Scherrer formula is in the range of nano meters, 66 nm
and 45 nm for NiTiO3 and NiTi0�90Si0�10O3. It is found that
the crystallite size is decreased on dopant addition. It is
known that when the crystallite size decreases then auto-
matically the surface area gets enhanced. The surface area
could be calculated using the average crystallite size with
the aid of the formula,

S = 6
�×d

(m2/g) (2)

where � is lattice density (in g/cm3), d is the crystallite
size (in microns). The calculated values of surface area for
NiTiO3 and NiTi0�90Si0�10O3 are 19 and 26 m2/g. It is seen
that, the surface area gets increased for NiTi0�90Si0�10O3

than the undoped NiTiO3 sample. When the particle size
gets decreased then the surface area could be enhanced,
this facilitates the Li ion diffusion to be faster due to the
decreased the diffusion path lengths. Hence it is expected
that NiTi0�90Si0�10O3 would show better electrochemical
performance than pristine NiTiO3.
Normally the tolerance factor is calculated in order to

study the stability of the ABO3 type compounds. The tol-
erance factor (t) for ABO3 type ilmenite can be given as

t = 1

3

(
�
√
2+1�Ro +RB

Ro +RA

+
√
2Ro

Ro +RB

)
(3)

where RA, RB, Ro are the radius of ion A, B and O2−

(in nano meters). Here RA�R
2+
Ni � = 0�069 nm, RB�R

4+
Ti � =

0�06 nm, RO�R
2−
O �= 0�1472 nm.

The tolerance factor value (t) for the structurally stable
ABO3 ilmenite type compound should be higher than 0.80.
The obtained t value for NiTiO3 and NiTi0�90Si0�10O3 are
0.9608 and 1.0043 respectively. It is to be noted that the
tolerance factor value increases upon doping which infers
that the doping has improved the stability of the prepared
NiTiO3 to greater extent.36

The electrical conductivity of the materials is mainly
determined by the defect concentrations present in the
material. The defect concentration present in the material
is directly related to the micro strain that could be calcu-
lated using the relation given by,

Microstrain� 	%= 


4 tan �
(4)

where 
 is the full width half maximum for the corre-
sponding high intensity (1 0 4) plane. The value of micro
strain calculated for NiTiO3 and NiTi0�90Si0�10O3 are 0.13%
and 0.15%. It is reported in the case of polycrystalline
material,37 there is an increase in micro strain value with
decrease in the grain size. As the grain size decreases, the
defect concentration gets high. A similar kind of result is
observed in our case too. It is observed that the grain size
decreases on the addition of dopant Si. Hence, it could be
concluded that the defect concentration that is associated
with the micro strain is increased upon dopant addition.

3.2. FT-IR Analysis
The functional groups present in the material and the
effect in the absorption bands upon the addition of dopants
are analysed from FTIR analysis. The FTIR signature of
NiTiO3 and NiTi0�90Si0�10O3 scanned in the wave number
region between 400–4000 cm−1 are given in Figures 3(a)
and (b). NiTiO3 exhibited an absorption band at ∼ 438
cm−1 corresponds to the Ti O bond stretching in TiO6

octahedral (shown in Fig. 3(a)).32 The absorption bands
shift to the larger wave numbers 463 cm−1 on the addi-
tion of dopant in the case of NiTi0�90Si0�10O3 as shown in
Figure 3(b). This is due to the fact that, on dopant addition,
there is a decrease in the cell volume as evident from XRD
analysis, which causes Ti O bond to become stronger.
Since, the binding energy of Ti O bond gets increased
and hence the wave numbers shift to larger values. It is
evident that the dopant affects the vibration of crystal lat-
tice which is the indication of the peak shifting in the
spectrum. The presence of an additional absorption bands
at ∼ 1008 cm−1 for NiTi0�90Si0�10O3 is due to the asymmet-
ric stretching vibrations of the Si O band,38 revealing the
presence of silicon phase in the crystal lattice of NiTiO3

material. The absorption band at 2923 cm−1 in both the
spectra is due to the symmetric and asymmetric stretching
modes of C H bonds.39 The additional bands at 3400 and
3775 cm−1 attributes to the O H stretching vibration of
adsorbed water.40

3.3. Morphological Analysis
The SEM images and the corresponding particle size his-
togram of parent NiTiO3 and NiTi0�90Si0�10O3 are presented
in Figure 4. Figures 4(a) and (b) presents the SEM image
and particle size histogram of parent NiTiO3 material. As
evidenced from Figure 4(a), the particles of pure NiTiO3

are spherical in shape and homogeneous without any
agglomeration. Since the molten salt synthesis involved
solution based synthesis at high temperature, it resulted
in the formation of particles with uniform morphology,

(b)

%
T
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3000 2500 2000 1500 1000 500

Wavenumber (cm–1)

Figure 3. FTIR spectra of (a) NiTiO3 and (b) NiTi0�90Si0�10O3.
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Figure 4. SEM image and corresponding particle size histogram of (a) and (b) NiTiO3 and (c) and (d) NiTi0�90Si0�10O3.

preventing the particle agglomeration. Moreover, the par-
ticles will be in the micrometer range at those high heat-
ing atmospheres. The image shows the well crystalline
nature of the material. The particles are found to be in
micrometer range. The particle size histogram shows that
the maximum number of particles are found to be in the
range of 140–160 nm. Figures 4(c) and (d) shows the
SEM image and corresponding particle size histogram of
NiTi0�90Si0�10O3 material. Shown in Figure 4(c), the addi-
tion of dopants on NiTiO3 causes the reduction in parti-
cles size as well as prevents agglomeration. It is evident
from the particle size histogram that the particle sizes are
reduced upon addition of dopants, the maximum number
of particles are found in the range of 120–140 nm. The
addition of even lower amount of dopant has reduced to
the particle size to a certain limit. It is well known that
the material with high crystalline nature is favourable for
prolonged cycling performances.

3.4. Electrical Conductivity Analysis
The electrical behaviour of the material at room tempera-
ture over a wide range of frequencies is studied using a.c.
impedance spectroscopic analysis. In general, the Nyquist

plot appears as a succession of semi-circle representing
the electrical conduction mechanism that occurs due to
either the grain or grain boundary or interfacial polari-
sation. Figure 5 shows the Nyquist plot of NiTiO3 and
NiTi0�90Si0�10O3 materials measured at room temperature.
A semi-circle in high frequency region followed by a tail
in low frequency region is observed in the Nyquist plot
for both the materials. The semi-circle in high frequency
region implies the resistance of the material is due to
grain conduction. This semi-circle behaviour is due to the
contribution of parallel combination of both bulk capaci-
tance Cb and bulk resistance Rb. There is no semi circle
found in the low frequency region implying that no grain
boundary conduction in the material and is purely due
to the bulk conduction. The tail appears in the high fre-
quency region is due to the electrode-electrolyte interfacial
polarisation at the blocking electrodes. The bulk resistance
Rb of the material is calculated by intercepting the semi-
circular arc with real axis and the values are measured
to be 4�54× 105 � and 1�14× 105 � respectively. The
value of bulk capacitance is calculated using the relation
2�
maxRbCb = 1 and it is in the order of pico Farads. The
bulk capacitance values for NiTiO3 and NiTi0�90Si0�10O3
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Figure 5. Nyquist plot of NiTiO3 and NiTi0�90Si0�10O3 at room
temperature.

are found to be 32 pF and 41 pF respectively. This
higher capacitance value reveals that the conduction is
through bulk of the material. The value of conductivity
�d�c (S · cm−1) could be calculated using the measured Rb

values using the relation given by,

�dc =
L

RbA
(5)

where L is the thickness and A is the area of cross section
of the pelletized sample (in cms). The calculated values are
4�38×10−7 S · cm−1 and 1�74×10−6 S · cm−1 for NiTiO3

and NiTi0�90Si0�10O3, respectively. The value of d.c. con-
ducivity is found to be higher for NiTi1�9Si0�1O3 than parent
NiTiO3 material. The reason beyond this is the addition
of smaller size cation into the lattice site leads to the
decreased lattice parameter values as evident from XRD
analysis which causes easier hopping of charge carriers.41

The conductance spectra of NiTiO3 and NiTi0�90Si0�10O3

measured at room temperature are given in Figure 6. It is
observed from the conductance spectra that there are two
distinctive regions observed (i) low frequency d.c. conduc-
tivity region where the value of conductivity is found to
be invariant with respect to the frequency and (ii) high
frequency a.c. dispersion region. According to the jump
relaxation model,42 there is a short range pair wise hopping
between the adjacent sites at the low frequency. And there
is probability of forward and backward hopping together
with the relaxation of ions at the high frequency disper-
sion region. The conductance spectra is found to obey the
Jonscher’s power law given by the equation,

����= �d�c�+A�n (6)

where �d�c� is the d.c. conductivity, A the dispersion param-
eter, n the frequency exponent. The conductance spectra is
non-linearly fitted to obtain the values of d.c. conductivity,
A and n values. The value of d.c. conductivity observed
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Figure 6. Conductance spectra of NiTiO3 and NiTi0�90Si0�10O3 at room
temperature.

for NiTiO3 and NiTi0�90Si0�10O3 are 4�30×10−7 and 1�7×
10−6 S ·cm−1 respectively. The observed values are in con-
sistence with the impedance spectral values. The value of
n has a physical meaning that, if n ≤ 1, then the hop-
ping motion involves a translation motion with a sudden
hopping whereas if n ≥ 1, the hopping motion involves
localised hopping.43 The fitted conductance plot yields the
value of n to be 1.4567 for NiTiO3 which elucidate the
fact that the hopping motion are translation in the par-
ent material. The hopping motion involved in the case
of NiTi0�90Si0�10O3 is localised which is evident from the
value of n i.e., 0.9666.
Using the fitted values, the hopping frequency (�p), car-

rier concentration (N ) and carrier mobility (�) are calcu-
lated using the relation given by,

Hopping frequency, �p =
(
�d�c�

A

)1/n

(7)

Carrier concentration, N =
(
�d�cT

�p

)
(8)

Carrier mobility, �= �d�c

Ne
(9)

The value of hopping frequency obtained for NiTiO3

and NiTi0�90Si0�10O3 are 6�9578× 103 Hz and 1�6673×
104 Hz and the carrier mobility are 15�9306 × 1019

(cm2/V · s) and 38�302 × 1019 (cm2/V · s). It is to be
observed that the hopping frequency gets enhanced in
the case of NiTi0�90Si0�10O3 which in turn enhances the
carrier mobility. The increase in the hopping frequency
and mobility causes the conductivity to be enhanced
in NiTi0�90Si0�10O3. The d.c. conductivity (�d�c) related
to the hopping frequency is given by Barton-Nakajima-
Namikawa (BNN) relationship,44

�d�c = NT −1�p (10)

where N is the carrier concentration, �p is the hopping
frequency which is nothing but the cross over frequency
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from the d.c. conductivity region to the a.c. dispersion
region. For a particular temperature, the d.c. conductivity
(�d�c) is directly proportional to the hopping frequency of
the charge carriers since the carrier concentration remains
almost constant at that particular temperature. The con-
ductivity values measured at identical condition shows
enhanced value for NiTi0�90Si0�10O3 compared with NiTiO3,
which is due to the increase in the density of mobile
defects on the addition of dopant. As stated from the XRD
results, the mobile defect density gets increased on the
dopant addition due to decrease in the crystallite size.
The value of carrier concentration calculated using

the above relation was 1�687 × 10−8 Scm−1 KHz−1

and 2�774 × 10−8 Scm−1 KHz−1 for NiTiO3 and
NiTi0�90Si0�10O3 respectively. There is no much difference
in the concentration; they are almost constant at room tem-
perature since due to the isovalent ion substitution.

3.5. Electrochemical Charge–Discharge Analysis
Figures 7(a) and (b) shows the charge/discharge curves
of NiTiO3 and NiTi0�90Si0�10O3 at a current density of
0.4 mA/cm2 cycled between 3.0 to 0.00 V. Figure 7(a)
shows the first six charge discharge cycles of NiTiO3 in
the voltage range given above. The first discharge profile
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Figure 7. Charge–discharge curves of (a) NiTiO3 and (b)
NiTi0�90Si0�10O3 at a current density of 0.4 mA/cm2.

shows a plateau with onset of potential at 1.1 V and the
plateau sets at 0.88 V. The second plateau is observed with
the potential onset at 0.55 and ends at 0.38 V. As seen,
the initial discharge capacity of parent NiTiO3 is found to
be 1257 mA h g−1 that infers one formula unit of NiTiO3

can host up to 7 moles of Li+. The two phase reduction
reactions that occurs is given by the equations,

NiTiO3+xLi++xe− → NiO+LixTiO2 (11)

NiO+xLi++xe− ↔ Ni+LixO (12)

During the second discharge, the capacity was decreased
to 544 mAh/g. The voltage plateau observed in this case is
0.49 V that corresponds to the conversion reaction given
by the Eq. (12). The discharge plateau at 0.49 V cor-
responds to the initial reduction of NiO to Ni and the
formation of amorphous Li2O.

45 During the conversion
reaction, there is a formation/decomposition of electro-
chemically inert Li2O along with the reduction/oxidation
of metallic Ni particles. There is a destruction of the crys-
tal structure occurs during the initial discharge and it is
followed by the formation of metal nanoparticles embed-
ded into the Li2O. Although these Li2O are electrochemi-
cally inert, they participate in the electrochemical reaction
due to the embedded metallic Ni particles.46 The capac-
ity of the material in the second cycle during discharge
is 544 mA h g−1 and during charging process is 514 mA
h g−1. The columbic efficiency corresponding to second
cycle is 105%. The columbic efficiency is calculated using
the relation given by,

Coulombic efficiency, �

= Specific Discharge capacity
Specific charging capacity

×100% (13)

The initial discharge capacity is 1257 mA h g−1 and
the capacity decreases to 544 mA h g−1 during the second
cycle. The observed capacity is only 46% of the initial
discharge capacity. A high value of discharge capacity
observed during first cycle is due to either the contribu-
tion of 10 wt% Super B black present in the electrode or
traces of water present in the fresh electrode. The break-
down process occurs in the electrolyte solution like reduc-
tion of water present in the fresh electrodes after the initial
cycle may be the reason for capacity fading from first
cycle to second cycle.47 The discharge capacities at the
5th cycle, 20th cycle, 25th cycles are 459 mA h g−1,
175 mA h g−1, 182 mA h g−1 respectively. A continu-
ous fade in the capacity is observed for every consecu-
tive cycles of the pristine NiTiO3 material. The possible
way that might reduce the capacity loss is structuring into
suitable morphologies that could better accommodate the
volume changes. In general, enhancement in the specific
capacity, faster charge–discharge rate, and high Li ion dif-
fusivity could be achieved in particles that possess nano
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meter size with desirable morphologies. Another fact that
could minimize the capacity loss is by altering the com-
position upon addition of multivalent ions in the material.
In our work, substitution of electro active dopant ions into
the material i.e., addition of 0.1 mole percentage of Si was
adopted to improve the energy storing capability of parent
NiTiO3 material.

Figure 7(b) shows the first 20 charge discharge cycles
of NiTi0�90Si0�10O3. There are two distinct plateaus noticed
in the initial discharge cycles as observed in the case of
parent NiTiO3. The electrochemical reaction that occurs
in NiTi0�90Si0�10O3 is similar to that of NiTiO3. The ini-
tial discharge capacity is 1238 mA h g−1. The discharge
capacities of 5th, 10th, 15th and 20th cycles are 426 mA
h g−1, 418 mA h g−1, 407 mA h g−1 and 385 mA h
g−1 respectively. The corresponding cycling stability curve
of NiTiO3 and NiTi0�90Si0�10O3 is given in Figures 8(a)
and (b). Figure 8(a) shows the cycling stability curve of
NiTiO3 for 25 cycles. It is observed that there is a serious
capacity fading observed upto 25 cycles. The cycling sta-
bility curve for NiTi0�9Si0�1O3 is presented in Figure 8(b).
It is to be also observed that, the NiTi0�9Si0�1O3 material
shows minimum fade in the discharge capacity values after
5 cycles. The specific capacity of around 400 mA h g−1

was maintained after 5 cycles. The minimization of the
capacity loss occurred might be due to the presence of
SiO2 phase that effectively enhances the cycling behaviour
of NiTiO3. It is reported that the enhanced cycling perfor-
mance of the material was due to the presence of SiO2

phase in Li4Ti5O12.
48 A similar kind of observation is

noticed in case of Li4Ti5O12, where a minimum amount
of SiO2 impurity is observed from the XRD pattern.48 The
formed SiO2 impurity is coated as a thin film over the
uniform shaped Li4Ti5O12. Furthermore, since the change
in particle size upon the addition of dopant is not too
high, the size effect doesn’t play major role on stabiliz-
ing the cyclic performance.48 On the other hand, SiO2

phase played a major role in maintaining the capacity. The
columbic efficiency graph for NiTi0�9Si0�1O3 is shown in
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Figure 8. Cyclic stability of (a) NiTiO3, (b) NiTi0�90Si0�10O3 (c)
Columbic efficiency of NiTi0�9Si0�1O3.

Figure 8(c). The NiTi0�9Si0�1O3 possesses high reversible
capacity on cycling. The columbic efficiency was found to
be almost 100% i.e., good reversibility for all the 20 cycles
of NiTi0�9Si0�1O3 which elucidates the fact that almost all
the Li ions intercalated are successfully de-intercalated
during the discharge process.
The present work dealt with the substitution of electro

active dopant ions into the material. Although the capacity
loss has been minimized to a certain extent, still it is insuf-
ficient. Therefore, further studies are focussed on reducing
the particle size to nano meter range and structuring into a
well defined morphology that could minimize the capacity
loss in order to enhance the both power density and energy
density of the material.

4. CONCLUSION
NiTiO3 and NiTi0�90Si0�10O3 were successfully synthesized
using molten salt method and utilized as anode materi-
als for lithium ion batteries application. The XRD pat-
tern of NiTi0�90Si0�10O3 inferred the material was highly
crystalline and possessed rhombohedra crystal structure
along with the presence of SiO2 peaks. There was a reduc-
tion in the particle size observed from the SEM image
upon the addition of dopant. The materials possessed room
temperature conductivity and it is 4�3× 10−7 S · cm−1

and 1�7× 10−6 S · cm−1 for NiTiO3 and NiTi0�90Si0�10O3

respectively. The electrochemical studies showed that the
parent NiTiO3 suffered from serious capacity loss. The
formed SiO2 in NiTi0�90Si0�10O3 phase plays a main role
on enhancing the cycling stability of the NiTi0�90Si0�10O3

material. The columbic efficiency of NiTi0�90Si0�10O3 was
also found to be almost 100%. The above results pre-
dict that NiTi0�90Si0�10O3 could be used as a suitable anode
material for Li-ion batteries.
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