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Abstract. LipNi Fe;_,SiO4 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) samples were prepared by a sol-gel process. The crystal
structure of prepared samples of LioNiyFe;_,SiO4 was characterized using an X-ray diffractometer. Different crystallo-
graphic parameters such as crystallite size and lattice cell parameters have been calculated. Scanning electron microscopy and
Fourier transform infrared spectroscopy investigations were carried out, which reveal the morphology and function groups
of the synthesized samples. Furthermore, electrochemical impedance spectra measurements are performed. The obtained
results indicated that the highest conductivity is achieved for the LipNig 4Fe.6SiO4 electrode compound. It was observed
that Li—Li>Nig 4Fe 6SiO4 battery has initial discharge capacity of 164 mAh g~! at 0.1C rate. The cycle life performance
of all LipNi,Feq_,SiO4 batteries ranged between 100 and 156 mAh g*1 with coulombic efficiency range between 70.9 and

93.9%.
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1. Introduction

The rechargeable lithium ion batteries for portable electronic
devices (e.g., PC and laptop computers, wireless and mobile
phones, camcorders, etc.) have lately shown a strong tendency
for expansion [1-4]. Polyanion compounds have been identi-
fied as suitable positive materials for most of the lithium ion
batteries as they are safer and cheaper than the commonly
used lithium transition metal oxides [5,6].

Different from lithium transition metal phosphate, which
has only one lithium ion per formula unit [7-9], Li,MSiO4
has two lithium ions per formula unit, suggesting a higher
theoretical capacity than phosphates. Therefore, it is currently
considered as a promising alternative cathode material for
lithium-ion batteries [10-13]. However, these orthosilicate
cathode materials suffer from the high to low rate capability
due to its diffusion-controlled kinetics of the electrochemical
process, which is limited by intrinsic poor electronic conduc-
tivity.

During the last two decades, lithium transition metal
orthosilicates (Li,MSiO4, M =V, Cr, Mn, Fe, Co, Ni, etc.)
were prepared and characterized as potential cathode mate-
rials for lithium ion batteries [14-21]. A previous study
in 2010 by Deng et al [22] confirmed large difference
between the electrochemical behaviours of the Li, FeSiO4 and
Li;MnSiO,4 samples prepared by a citric-acid-assisted sol—
gel method. The Li,FeSiO4 showed a maximum discharge
capacity of 152.8 mAh g~! and high cycling stability, while
the discharge capacity of the Li,MnSiO, rapidly declined
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and stabilized at about 70 mAh g~! after 20 cycles. Dif-
ferential capacity and electrochemical impedance analysis
indicated that Li,MnSiO,4 exhibited lower electric conduc-
tivity and higher electrochemical irreversibility than those
of Li,FeSiO4, which caused its poor electrochemical perfor-
mance.

Rong et al [23] synthesized nanosphere like Li, FeSiO4—C
via a solution method using sucrose as carbon sources.
The cell of this sample delivered a discharge capacity of
166 mAh g~! at C/20 rate in the first three cycles. After 30
cycles, the capacity decreased to 158 mAh g~!, and the capac-
ity retention was up to 95%. Moreover, a porous Li, FeSiO4—C
composite consisting of nanoparticles with only 20-30 nm
size, surrounded by nitrogen-doped carbon, was synthesized
via a hydrothermal-assisted sol-gel method. The discharge
capacity was 195.5 mAh g~ at C/10 and 127.1 mAh g~! at
5C [24]. Li;FeSiO4—C composite was successfully synthe-
sized also via a refluxing-assisted solid-state reaction using
ascorbic acid as an additive and sucrose as a carbon source.
It delivered a discharge capacity of 163.3 mAh g~! at C/10
[25].

Recently, Oghbaei et al [26] synthesized Li,FeSiO4 of
average particle size ~42 nm at 700°C by a citrate sol—gel
method. The discharge capacity was 130 mAh g~! after 30
cycles at current density C/20.

To the best of our knowledge, the influence of different
ratios of iron to nickel in the formula Li,Ni,Fe;_,SiO4 has
not been investigated yet. The present work is a compre-
hensive study about the phase transformation, microstructure
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and electrochemical performance of Li,Ni,Fe;_,SiO4 sam-
ples with different Ni contents for implementation as positive
electrodes in LIBs.

2. Experimental

2.1 Li;NiFe,_,SiOy4 samples preparation

Li,Ni Fe,;_,SiO4 (x = 0,0.2,0.4,0.6,0.8 and 1) sam-
ples were prepared by a simple hydrothermal route using
stoichiometric ratios weights of LiOH-H,O (98.5%, S.D.,
Fine), FeC,04-2H,0 (99%, Sigma-Aldrich), Ni(CH3COO), -
4H,0 (99%, Sigma-Aldrich) and tetra methylsilane (> 99%,
Sigma-Aldrich) dissolved in distilled water separately in order
to prepare about 5 g of each sample. The solutions of the
dissolved ions were mixed together and gently heated at
80°C for 2 h to achieve high homogeneity. The mixed lig-
uid was transferred into an autoclave with a Teflon holder
inside a stainless-steel container for further heating at 200°C
overnight. After cooling, the mixture was filtered and washed
with distilled water and then dried at 80°C for 4 h in a vacuum
oven. The dried powders were calcined at 800°C for 5 h in
flowing argon gas with 5% H,.

2.2 Physical characterization

The crystalline phases of calcined powders were investigated
by an X-ray Brucker axis D8 diffractometer (XRD) with crys-
tallographic data software Topas 2 using Cu-Ka (A = 1.5406
nm) radiation operating at 40 kV and 30 mA. The angle scan
rate was set at 2° min~'. The microstructure and morphology
of the synthesized samples were characterized by scanning
electron microscopy (SEM; JOEL model 5040). Fourier trans-
form infrared spectroscopy (FTIR) was performed using a
Vector-22 (Bruker, Germany) equipment.

2.3 Electrochemical characterization

The working electrode (WE) was prepared from a slurry of
85% active material, 10% C-black and 5% binder (polyvinyli-
dene difluoride: PVDF). The slurry was pasted with some
drops of N-methyl pyrrolidone (NMP). An aluminium disk
substrate (1 cm? area) was coated with this active material
to form the WE. A Teflon cell was used to house the lithium
foil metal (Sigma-Aldrich), which acted as counter and refer-
ence electrodes, with a separator of Celgrad (micro-porous
polypropylene). The electrolyte was 1 M LiPFq dissolved
in a mixture of propylene carbonate and ethylene carbonate
(PC/EC = 1:1). The cells were assembled inside a glove box.
Galvanostatic charging and discharging cyclings of the cells
were achieved with the potentials windows between 1.5 and
4.5 V at total current 0.1 mA using a Bitrode battery tester.
Furthermore, electrochemical impedance spectroscopy (ELS)
measurements were performed at frequency between 10° and
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Figure 1. XRD patterns of LioNi,Fe;_,SiO4 (x = 0,0.2,0.4,0.6,
0.8 and 1) samples prepared at 800°C.

Table 1. Crystallite size of the LioNi,Fe;_,SiO4 (x =0, 0.2,
0.4, 0.6, 0.8 and 1) samples.

NiZt jon Crystallite

content (x) size (nm) ad bA @A v (A%
0.0 66.08 8213 5.012 8.226 338.611
0.2 41.29 8.218 5.018 8.231 339.429
0.4 34.76 8223 5.020 8.230 339.729
0.6 45.28 8211 5.016 8.227 338.840
0.8 46.67 8.189 5.011 8.222 337.390
1.0 55.30 8.036 4997 8.199 329.238

1072 Hz and an amplitude of 10 mV using a model Parastat
Princeton 4000 potentiostat.

3. Results and discussion

The phase structure of prepared samples of Li,Ni, Fe;_,SiO4
was characterized by XRD. The patterns are given in figure 1.
The XRD pattern of Li,FeSiO4 sample exhibited the main
peaks of monoclinic crystal system with space group P2,/n;
the total replacement of Fe>* with Ni** ion induced a distor-
tion into the orthorhombic unit cell with space group Pmn2,
[23]. The crystallite sizes of the sample powders are calcu-
lated using the Scherer equation [3] and recorded in table 1.
It is observed that Li;Nig4Fe( ¢SiO4 has the smallest crys-
tallite size, 34.76 nm. The calculated lattice cell parameters
are found to be in good agreement with the previous reports
[27,28].

Figure 2a—f shows SEM morphologies of Li,Ni,Fe;_,
SiO4 samples. The pure LiFeSiO4 and Li;NiSiO4 exhibit
large extent of agglomeration and very low porosity with
particle size distribution from 10 to 40 um. However, the Ni-
substituted samples showed significant porosity and smaller
particle size distribution from 100 to 1000 nm with increasing
Ni content from 0.2 to 0.8. The spherical aggregates appeared
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Figure 2. SEM of Li;Ni,Fe;_,SiO4 (x =0, 0.2, 0.4, 0.6, 0.8 and 1) samples prepared at 800°C.

as fungus-like diaspora embedded with smaller fine particles,
creating large pores in the microstructure of the as-prepared
materials. Li;Nig 4Fe( ¢Si04 has the highest particles homo-
geneity and the smallest average particle size of 100-500 nm,
which reflects high surface area. The average particle size
from SEM micrographs are calculated using Image-Pro Soft-
ware for selected areas in the sample, while the crystallite
size is calculated using Scherrer’s equation and XRD data.
The difference between both sizes is because each particle or
grain agglomerate is composed of a large number of crystals,
and the formation of these particle agglomerates is controlled
by many factors such as shape factor, surface area, porosity,
density and electrical charge [29].

Figure 3 displays FTIR spectra of the as-prepared samples
Li,FeSiO4 and Li;NiSiO4. The absorption broad bands in
the wavenumber range 38003200 cm~' could be related to
the entrapped water molecule [30]. The doublet absorption
band at 800 cm™! is related to the monoclinic structure of
Li,FeSiO4. The same peak splits into two stronger bands,
which indicates the orthorhombic structure of Li,NiSiOy4
[31,32]. The other characteristic absorption bands at 1455
cm~! are assigned to the Li,CO; formed at the surface
[33].

Figure 4 reveals the first charge and discharge capacity
plateaus vs. the working voltage between 4.5 and 1.5 V at
C/10. It was found that the Li,FeSiO4 cathode gave the min-
imum discharge-specific capacity of ~121 mAh g~', while
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Figure 3. FTIR spectra of the as-prepared LiFeSiO4 and
LipNiSiO4 samples.

the Lir,Niy4Fe(SiO4 cathode material achieved the maxi-
mum discharge specific capacity of ~164 mAh g~!. This
behaviour is attributed to the homogeneous morphology, reg-
ular particle size and porosity, which allows better diffusion
of Li* ions and lower charge transfer resistance. The obtained
results for the tested batteries are in consistent agreement with
those in previous literatures [34,35].

EIS is used as a sensitive confirmation tool for studying the
differences in the electrode surface behaviour and electronic
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Figure 4. Voltage—capacity profiles for Li-LipNi,Fe;_,SiO4
(x =0,0.2,04, 0.6, 0.8 and 1) batteries.
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Figure 5. Nyquist plots of Li-LioNi,Fe_,SiO4 discharged
batteries after 100 cycles at (a) x = 0 and 1, (b) x = 0.2 and
0.4 and (¢) x = 0.6 and 0.8.

conductivity of materials. The EIS of the discharged lithium
ion batteries is illustrated by the Nyquist plot as depicted in
figure Sa—c. Actually, the intercept at high frequency corre-
sponds to the resistance of the electrolyte (R.) on the Z.
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axis, followed by a semicircle in the high-middle frequency
region, and a straight line in the low frequency region. The
numerical value of the diameter of the semicircle on the Z,.
axis is approximately equal to the charge transfer resistance
(R¢). It is observed that Li,FeSiO4 and Li,NiSiOy4 cells have
higher R, in comparison with the other cells. The low fre-
quency region of the straight line is attributed to the diffusion
of the lithium ions into the bulk of the electrode material,
the so-called Warburg diffusion resistance. Therefore, shift-
ing the straight lines towards smaller frequencies indicates
lower diffusion of Li ions due to the solid electrolyte inter-
face formation. It is also observed that the cells prepared
from Li,Nig 4Fe( 5104 has the lowest charge transfer resis-
tance R¢ ~65.4 2 in comparison with the other cells. Such
a behaviour can be related to the homogeneous and good
particles distribution with the smallest grain size of 2.5 um,
resulting in better diffusion of Li ions into the electrolyte. The
cell volume increases with Ni substitution up to a certain com-
position, which improves the mobility of Li* ions through the
vacancies of the orthorhombic framework.

In addition, it has been demonstrated that the doping of
LiFePO, with Ni could enhance the conductivity due to the
formation of percolating nano-network of metal-rich phos-
phide. Hence, a conductive grain boundary leads to efficient
charge transfer between the bulk materials [36].

A plot of Z,. vs. the reciprocal square root of the lower
angular frequencies is illustrated in figure 6a and b. The
straight lines are attributed to the diffusion of the lithium ions
from electrolyte into the bulk of the electrode materials, the
so-called Warburg diffusion [3,8]. This relation is governed by
equation (1). It is observed that the Warburg impedance coef-
ficient (o) is 269 €2 s% for Li;Nig 4Feo ¢SiO4, which is the
lowest value in comparison with the other samples as shown
in figure 5b. In addition, the diffusion coefficient values of
the lithium ions in the bulk electrode materials are calculated
using equation (2):

Zie = R + Ry + wa—0.57 (1
D = 0.5(RT/An*F?0,,C)?, )

where o is angular frequency in the low frequency region,
D is diffusion coefficient, R is the gas constant, 7 is the
absolute temperature, F is Faraday’s constant, A is the area
of the electrode surface and C is molar concentration of
Lit ions. The exchange current density is i = RT/nFRy).
The impedance parameters of different cathode samples are
presented in table 2. It is observed that Li, FeSiOy4 has the low-
est diffusion coefficient value (~1.25 x 1077 cm? s~!) and
Li,Nig 4Fe( 6Si04 has the highest diffusion coefficient value
(~4.34 x 1073 cm?s71).

Figure 7 illustrates the cycle life and stability performance
of the different batteries at 0.1C rate over 100 cycles. It is
clearly observed that the specific discharge capacity gradually
decreases in the first 10 cycles for all batteries, but sharply
decreases during the subsequent 50 cycles for Li,FeSiO4
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Figure 6. (a) Relationship between real impedance and the low angular frequencies for Li-Li;FeSiO4 and Li-LipNiSiO4 batteries.
(b) Relationship between real impedance and low angular frequencies for Li-Li;NiyFe;_,SiO4 (x = 0.2, 0.4, 0.6 and 0.8) batteries.

Table 2. Electrochemical impedance parameters of Li—-Li>NiFej_,SiO4 (x = 0, 0.2,

0.4, 0.6, 0.8 and 1) batteries.

Cell R () o0y (2s%) Dem?2s™) CqF) i (A)

LirFeSiOq4 3.13E+04  5.33E+04 1.25E-17  9.69E-11 8.21E-07
LioNigoFeggSiOs  1.49E+02  4.39E+02 3.80E-13  8.85E-07 1.72E-04
LioNig4FeSiOs  6.54E+01  2.69E+02 434E-13  1.85E-06 3.93E-04
LirNigFe04SiOs  1.52E+03  5.32E+02 1.04E-13  1.66E-07 1.70E-05
LioNiggFeg2SiO4  1.70E+03  5.45E+02 1.87E-13  5.39E-08 1.51E-05
Li»NiSiOy4 2.55E+04  4.88E+04 148E-17  226E-09 1.01E-06
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Figure 7. Cycle life performance of Li-LipNi, Fe;_,SiO4 (x = 0,
0.2,0.4, 0.6, 0.8 and 1) batteries.

and Li;NiSiOy cells. This may be related to the oxidation of
divalent cation Fe’>* to Fe** during the Li* diffusion. Such
distortion effect in the divalent cation Fe>™ may affect the

lattice parameters and destroy the crystallinity, leading to the
noticeable capacity fading in the first 10 cycles. The greatest
effect was clearly seen in pure Li,FeSiO, and Li;,MnSiOy as
reported in the literature [16,37].

The specific discharge capacity slightly decreases for
Li;Ni,Fe;_,SiO4 at x = 0.2, 0.4, 0.6 and 0.8 till 100 cycles.
After 100 cycles, the LiyNig4FepsSiO4 electrode delivers
the highest discharge capacity of about 156 mAh g~! with
coulombic efficiency of ~93.9%. Thus, the cycling perfor-
mance of the Li, Ni, Fe;_,SiO4 cathode materials is improved
with mild nickel substitution but worsened with heavy nickel
substitution.

4. Conclusion

The structure of prepared samples of Li,Ni, Fe;_,SiO4
was characterized by XRD. Samples are indexed on the
basis of both monoclinic and orthorhombic unit cells with
space groups P2;/n and Pmn2,, respectively. The mor-
phological structure of materials exhibited spherical aggre-
gated lumps with different porosities. The FTIR spectrum
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analysis confirmed the phase transformation of Li,FeSiO4
with increasing Ni substitution. The assembled battery from
Li;Nig 4Fe 65104 sample showed the maximum initial dis-
charge capacity of 164 mAh g~!. It is also observed that
the cell prepared from LiyFey ¢Nig4SiO4 has the lowest real
Z. (charge transfer resistance: 65.4 2) in comparison with
the other cells. Moreover, the Warburg impedance coeffi-
cient (oy,) is 269 Q % for the LiyNig 4Feg ¢SiO4 cell and
this is the lowest value in comparison with those of the
other samples. Therefore, this cell has the maximum diffu-
sion coefficient, 4.34E~13 cm? s~!. Cycling performance of
the LipNi,Fe,_,SiO4 has been improved with mild nickel
substitution but worsened with more nickel substitution.
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