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Abstract We report the paper related to the effect of Fe doping on the
Li2FexMn1−xSiO4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) cathode materials synthesized
by Sol-Gel technique. X-Ray Diffraction evidences the monoclinic structure with
space group Pn(7) and crystal size decreases from 43 to 35 nm on doping Fe
in Li2MnSiO4. Field emission scanning electron microscopy (FESEM) confirms
that particle size reduces from 60 to 21 nm with increase of Fe concentration.
The impedance analysis shows that highest electrical conductivity was 4.5 × 10–5

Scm−1 for Li2Fe0.4Mn0.6SiO4 cathode material. The initial specific capacity was
152 mAhg−1 at the rate of 0.1 C and 131 mAhg−1 after the 50th cycle with 86%
capacity retention. The doping of Fe enhanced the conductivity by reducing its
charge transfer resistance and increasing Li-ion diffusion coefficient than the pure
Li2MnSiO4 cathode material.

Keywords Orthosilicate · Cathode material · Electrochemical properties ·
Lithium-ion batteries

1 Introduction

The energy plays a key role in economic development of any nation so each country
is trying to set itself as an independent centre in production and storage of energy
[1]. Today, the major part of electricity is produced with the help of non-renewable
resources which come to ends till 40–70 years, so it is a big challenge in front of
the world to generate electricity by using some renewable sources of energy which
would be cost effective and easily available [2]. The most popular renewable energy
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resources in order to replace conventional resources produced from hydrocarbon
are: solar cells, fuel cells and supercapacitors and Lithium-ion batteries [3]. The
Li2MnSiO4, shows a higher theoretical capacity of 334 mAhg−1 which is obtained
on the basis of two redox couples of Mn2+/Mn3+ and Mn3+/Mn4+ and also provides
a higher cell potential at ~4.0 V, than Li2FeSiO4 which have a theoretical capacity
166 mAhg−1 and cell potential ~3.0 V. On the basis of exhaustive literature reports,
it is confirmed that the practical capacity limitation can be improved via doping of
Fe in place of Mn cation with different wt% to optimize the concentration.

In the present study, we prepared Li2FexMn1−xSiO4 cathode material by sol-gel
methodwith different concentrations of Fe doping at 900 °C for 12 h. The effect of Fe
doping on the crystal structure, morphology, electrical properties and Li+ diffusion
coefficient was discussed. To improve the poor electronic conductivity of Li2MnSiO4

which is ~10–15 Scm−1 at room temperature [4], we doped Fe in the ratio x = 0, 0.1,
0.2, 0.3, 0.4 and 0.5 and investigated the effect of Fe doping on Li2MnSiO4 on their
electrochemical properties.

2 Experimental

2.1 Precursor Solution

The precursor solution was prepared by dissolving an appropriate amount of LiNO3,
MnCo3, Fe(NO3)3 and SiO2 in distilled water. To hydrolyze the dissolved solution
some droplets of citric acid were added to the precursor solution.

2.2 Preparation of Li2FexMn1−xSiO4

Li2FexMn1−xSiO4 was prepared by sol-gel synthesis method. The prepared cathode
material is label as LFMS and it is prepared for varying the concentration of Fe for x
= 0.1, 0.2, 0.3, 0.4, 0.5 so label as LFMS-1, LFMS-2, LFMS-3, LFMS-4, LFMS-5
respectively (Fig. 1).

2.3 Characterization Technique

The crystal structure of Li2FexMn1−xSiO4 was identified by X-Ray powder diffrac-
tion (model: Philips. Field emission scanning electron microscopy (FESEM; Merlin
Compact). Fourier Transform Infra-red (FTIR) Spectroscopy (Model: Tensor 27.
Electrical properties measurements are carried out by CH instrument (Model: 760)
from which Electrical Impedance Spectroscopy (EIS) is used to calculate the elec-
trical conductivity of prepared material, Cyclic Voltammetry (CV) is used to find out
the power capacity of the prepared materials.
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Fig. 1 Schematic diagram of Sol-gel method

3 Results and Discussion

1. X-Ray Powder Diffraction Analysis (XRD)
The X-ray powder diffraction (XRD) of dilithium silicate materials comprising
of Li2FexMn1−xSiO4 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) synthesized by sol-gel
method at 900 °C are given in Fig. 2. The diffraction analysis has been performed
in thewide angle 2θ = 10° to 800. The diffraction peaks at 27°, 33°, 38°, 42°, 55°
and 65° are associatedwith the planes (012), (131), (112), (240), (161) and (023)
respectively. All the obtained peak intensity closely matches with JCPDS [file
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Fig. 2 X-ray diffraction pattern of Li2FexMn1−xSiO4 a x = 0, b x = 0.3, c x = 0.4 and d x = 0.5

no. 00-055-0704] file which confirms the monoclinic structure of the samples
with space group Pn(7). The impurity phases like Li2SiO3 was also presents
at an angle 19°, 30°, 37° and Mn2SiO4 at angle 35° [5] and Fe3O4 at angle
37° in Li2FexMn1−xSiO4 which are unavoidable. The sifting in peaks occurs
firstly at a higher angle (from x = 0 to 0.4) after that it starts sifted towards
a lower angle (from x = 0.4 to 0.5). The shifting in peaks directly correlate
with the particle size which shows firstly the crystal size decrease as dopant
concentration increases from x = 0 to 0.4. The lowest value of size for the x
= 0.4 will enhance its electrochemical properties like electrical conductivity,
energy density, cycle life, etc. which will be analyzed later. The intensity of
peaks also first increase from x = 0 to 0.4 and after that decreases from x =
0.4 to 0.5. All the major peaks of pure Li2MnSiO4 are also present after the Fe
doping, so there is no strong evidence is observed for structure changes after
doping of Fe in pure Li2MnSiO4 material.

2. Field Emission Scanning Electron Microscopy (FESEM) Analysis
The morphological study was studied by using FESEM. The Fig. 3a shows the
surface morphology of pure Li2MnSiO4 cathode material. There is no agglom-
eration between the particles and the calculated average size is about 47 nm.
Figure 3b-f shows the surface morphology of Li2MnxFe1−xSiO4 cathode mate-
rial (x= 0.1, 0.2, 0.3, 0.4 and 0.5). As the concentration of Fe increases, particle
size reduces because of this the lithium-ion path length decreases and this results
in improvement in electrochemical Properties [6]. The possible reason for the
reduction in particle size is the decrease in internal stressmay increase its binding
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Fig. 3 FESEM images of Li2FexMn1−xSiO4 a x = 0, b x = 0.1, c x = 0.2 and d x = 0.3, e x =
0.4, f x = 0.5

force with a relative area of its grain boundaries. Particle size calculated from
the FESEM is 47, 60, 58, 47, 40 and 20 (all in cm) for LMS, LFMS-1, LFMS-2,
LFMS-3, LFMS-4 and LFMS-5 respectively.

3. Fourier Transform Infra-red Radiation (FTIR)
FTIR is a powerful technique to identify the functional group, impurity and
their bonding with the host material present in the material. FTIR was done
in the wavenumber range 400–4000 cm−1 with the transmission mode for
Li2FexMn1−xSiO4 material which is given in Fig. 4. The transmission peaks
are obtained at 525, 550, 619, 737, 852, 951 and 1070 cm−1. The presence of
tetrahedral SiO4 group was confirmed by FTIR. The vibrational peaks observed
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Fig. 4 FTIR spectra of Li2FexMn1−xSiO4 a x = 0, b x = 0.1, c x = 0.2 and d x = 0.3, e X = 0.4,
f x = 0.5

at 951 and 852 cm−1 are associated with the stretching vibration of O–Si–O
bonds in tetrahedral SiO4 group. The minor peak at 737 cm−1 in Fig. 4 is
attributed to bending vibrations of Si–O–Si bonds. There is also an increase
or decrease in peak intensity which occurs due to an increase or decrease in
the amount of material present in the material. Here, the intensity of peak at
737 cm−1 is increases with an increase in the Fe dopant concentration. The
vibrational bands at 525, 550 and 619 cm−1 is corresponds to bending vibra-
tions of O–Si–O bonds in tetrahedral SiO4 group [7]. There is a decrease in
the peak intensity. The vibrational bands at 1070 cm−1 can correspond to Si–O
vibrations in Li2SiO3. The shifting in peaks also occurs at higher wavenumber
as the dopant concentration increases.

Electrochemical Analysis
These analyses are done with an electrochemical workstation CH-760 instru-
ment. The main technique performed are EIS (Electrochemical Impedance
Spectroscopy), CV (Cyclic Voltammetry) and GCD (Galvonostatic charge and
discharge).

4. Impedance Spectroscopy Study
The impedance spectroscopy (Nyquist plot) is performed between the real
part and imaginary part of impedance. The prepared cathodematerialswere
sandwiched between two blocking (stainless steel) electrodes and small ac
voltage (10 mV) applied in frequency range of 1 Hz to 1 MHz. Figure 5
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shows the impedance spectroscopy results of Li2FexMn1−xSiO4 materials
[8]. In order to validate the experimentally obtained data, a nonlinear least
square fitting means of ZSImpWin software is performed. On fitting, it is
observed that all the experimental data fitted with a series combination of
constant phase elements with resistance followed by parallel combination
of another constant phase element. Constant phase element (CPE) may
be considered as the practical representation of capacitance. In general, it
is intermingling of both (resistance and capacitance). The constant phase
element can be represented by the formulae:

CPE = 1

(ωQo)n

where ω is angular frequency and ‘n’ is power exponent. The value of n
= 1 represent the CPE is pure capacitance, n = 0 pure resistance and n =
−1 represents pure inductance. If the n value lies in between 0 and 1 that
represents the presence of resistance and capacitance both. The estimated
value of bulk resistance from the experiment as well as through fitting was
obtained in the range of 6–12 k�.

5. Electrical Conductivity Analysis
The electrical conductivity of all prepared cathode material samples is
obtained using the above discussed impedance spectroscopy results. As the
bulk resistance obtained by the line joining of intercept of lower frequency
spike and high frequency small semi-circular arc. The formula for esti-
mation of bulk electrical conductivity (σ dc) from bulk resistance is given
below:

σdc = 1

Rb

�

A

where � is sample thickness, A is contact area of electrode and Rb is the
bulk resistance of the material calculated from Nyquist plot [9].
From Fig. 5a–f, the estimated value of bulk resistance of LMS, LFMS-
1, LFMS-2, LFMS-3, LFMS-4 and LFMS-5 are 6931, 6043, 4708, 3674,
416 and 12,063 � respectively with the thickness value t = 0.02 cm and
A = 1.07 (cm2) for each sample. Conductivity calculated from the bulk
resistance is of the order of 2.7× 10–6, 3.1× 10–6, 4.0× 10–6, 5.1× 10–6,
4.5 × 10–5 and 1.6 × 10–6 S cm−1 for LMS, LFMS-1, LFMS-2, LFMS-
3, LFMS-4 and LFMS-5 respectively. As the concentration of dopant-Fe
increases, value of electrical conductivity increases this may be possible.
The conductivity of the doped sample material is one order higher than the
pure material recorded.

6. Cyclic Voltammetry Analysis
Cyclic voltammetry (CV) is generally performed in between the definite
electrochemical potential through charging and discharging of complete
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Fig. 5 Impedance spectra of Li2FexMn1−xSiO4 a x = 0, b x = 0.1, c x = 0.2 and d x = 0.3, e x =
0.4, f x = 0.5

system. It is performed on different scan rates depend upon the current
(sensitivity) limit. CV measurement is done between current (Y axis) and
potential (X axis) on certain scan rate. The area under the curve directly
useful in estimating the energy of the system. The energy density of the
system can also be estimated in unit volume or mass based on necessity.
During this charging and discharging oxidation and reduction takes place
at the anode and cathode invariably. The liberation and deintercalation of
lithium ions taken place due to the use of variable oxidation state transition
metal ions. This redox reaction use to determine using this technique [10].
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Figure 6 shows the cyclic voltammogram of di lithium manganese silicate
(Li2MnSiO4) and Fe doped di lithium manganese silicate with different
weight percent concentrations. Cyclic voltammetry graphs are studied at
different scan rates (~0.1 mV/s) for different prepared materials shown in
Fig. 6. The power capacity is calculated by multiplying the area of CV
curve and current which is 96, 106, 263, 311, 357 and 239 for x = 0,
0.1, 0.2, 0.3, 0.4 and 0.5 respectively. The power capacity is larger for
Li2Fe0.4Mn0.6SiO4 cathode material than the pure sample which indicates
that this material is having highest capacity for lithium intercalation or
deintercalation process.

Fig. 6 Cyclic—voltammetry graphs of Li2FexMn1-xSiO4 a x = 0, b x = 0.1, c x = 0.2 and d x =
0.3, e x = 0.4, f x = 0.5
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Fig. 7 Retention capacity graphs of Li2FexMn1−xSiO4 a x = 0.1, b x = 0.2, c x = 0.3 and d x =
0.4, e x = 0.5

Capacity Retention Analysis
This study provides the capacity retention behaviour inCharging and discharge cycle.
Here it is observed on increasing the Fe concentration the value of Discharge capacity
increases which is in correlation with electrochemical analysis other studies like CV.

TheLi2Fe0.4Mn0.6SiO4 cathodematerial gives remarkable resultswith a discharge
capacity 152 mAh/g initially and it is stable after 50 cycles up to 131 mAh/g value of
discharge capacity. This material is meeting our expectations. So this material shows
good cyclic stability behaviour. For the cathode material Li2MnSiO4 if we enhance
its all properties then we have to dope Fe at the concentration of 0.4.

The discharge capacity for Li2MnxFe1−xSiO4 is 85, 93, 95, 152, 172 and after 50
cycle it is 66, 85, 89, 131, for x = 1, 0.1, 0.2, 0.3, 0.4 and 0.5 respectively (Fig. 7).
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