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Abstract

A low temperature sol-gel technique was employed for the synthesis of vanadium substituted spinel
of the type LiMn22xVxO4 (x 5 0.1 to 0.5). X-ray diffraction data indicates evidence for substitution
of vanadium in the lattice. Particle size, FTIR, and differential thermal analyses were carried out on
the samples. Charge–discharge characteristics of cells fabricated using these materials were studied.
The cells were found to be stable for more than 20 cycles. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

In recent years, first-row alkali transition metal oxides have been extensively used as
cathode materials for lithium rechargeable battery applications. Among these, LiCoO2 [1],
LiNiO2 [2], and spinel LiMn2O4 [3–5] are the best choices for commercialization of lithium
batteries because of their high voltage, high capacity, high energy density, and cycleablity.
LiMn2O4-based spinel oxides are better candidates than the other existing cathode materials.
However, on cycling, the octahedral high-spin Mn31 cation tends to be localized and, hence,
causes destabilization of crystal geometry, resulting in fading of capacity. To overcome this
Jahn–Teller distortion, substitution of mixed valence metals such as Ni, Co, Zn, Cu, and V
have been attempted. While reports are available on Ni, Co, and Cu substituted systems
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[6–17], to our knowledge, there is no report on single-phase vanadium substituted systems.
An earlier study using solid-state preparation technique [18] reported the incorporation of
V2O5 into LiMn2O4 spinel matrices. This result may have been due to NH4VO3 being used
as a precursor, which decomposes to V2O5 at about 500°C in the presence of an oxidizing
atmosphere. This V2O5 thermally decomposes to V2O3 in the presence of a reducing
atmosphere at 900°C [19]. Hence, the creation of vanadium ion substituted LiMn2O4

single-phase spinel system was not possible with this preparation technique.
In the present investigation, a new sol-gel route was adopted in which V2O5 was

Fig. 1. Flow diagram.
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completely dissolved in LiOH, forming vanadates of lithium. This lithium vanadate was
reduced with manganese nitrate to form the vanadium substituted LiMn2O4 spinel oxides
[19].

2. Experimental

LiV xMn22xO4 powders were prepared according to the procedure shown in the flow
diagram (Fig. 1). Stoichiometric amount of LiOH, V2O5, and Mn(NO3)2z4H2O salts were
dissolved in distilled water. An aqueous solution of citric acid was mixed with the metal-ion
precursor as a chelating agent. The mixture was stirred continuously and the pH was adjusted
in the range of 6–7 by the slow addition of NH4OH. Gelling agents in the form of
monomer-acrylamide and N-N9-methylene-bis-acrylamide, followed by ammonium persul-
phate, were added to the solution. A transparent blue gel was obtained. The gel was then
heated initially at 300°C for about 6 h, to remove the organic material. The resulting powder
was calcined at 550°C for 8 h to get a porous black powder. Vanadium-doped cathode
material was mixed with conducting carbon black (10 wt%) and PTFE binder (5 wt%) and
pressed on a nickel mesh of electrode area 1 cm2 at a pressure of 5 tons. A SnO2 electrode
served as anode with 1 M LiClO4 in propylene carbonate as the electrolyte. The discharge
behavior of vanadium doped (x5 0.5) LiMn2O4 spinel oxide material was studied.

Thermogravimetric/differential thermal analysis (TG/DTA) was carried out, using PL
Thermal Science STA 1500, to determine the kinetics of the process and phase formation.
The powders were characterized by X-ray diffraction using a JEOL JDX 8030 X-ray
diffractometer with Cu Ka radiation. FTIR analysis was done using a Perkin-Elmer 3500
instrument.

Fig. 2. TGA and DTA scans of the Li–Mn–V–O spinel oxide.
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3. Results and discussion

The decomposition kinetics of the preheated samples was deduced from the TGA. From
the thermogram (Fig. 2) it is observed that around 81°C water of crystallization is removed
with a mass loss of about 20%; a small endothermic peak is also found. At about 469°C, a
strong well-defined exothermic peak is observed with a mass loss of about 30%. The TGA
curve shows that no mass loss is observed after 550°C, indicating that the crystallization
starts and the single phase product is formed.

The XRD patterns (Fig. 3) indicated all the reflections corresponding to LiVxMn22xO4

(x 5 0.1 to 0.5). Peaks are observed that could be assigned to the (4 0 0) reflection of the

Fig. 3. XRD pattern of LiVxMn22xO4 (x 5 0.1 to 0.5).
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LiMn2O4 spinel phase. Further, (2 2 0) and (4 2 2) reflection peaks of the spinel correspond
to the vanadium metal-ion at the 8a tetrahedral site and Mn at the 16d octahedral site of a
cubic close-packed oxygen framework, respectively [20]. The (2 2 0) reflection peak is
characteristic of transition metal-ion substitution into the spinel lattice as reported in the
literature [13].

As the concentration of the vanadium incorporation in the Mn site increases from x5 0.1
to 0.5, in the LiVxMn22xO4 spinel lattice, the XRD patterns indicate a peak shift to higher
angle side. The lattice parametera for different x values was determined. Thea value slightly
decreases from 8.26 Å for x5 0.1 to 8.244 Å for x5 0.5. This behavior represents the
topotactic reaction mechanism associated with vanadium doping [20].

Fig. 4 shows the FTIR data. A strong absorption peak is observed around 900 cm21,
which may be due to stretching of (VO4). Due to symmetric stretching of the (VO4)
tetrahedron, this strong absorption peak was observed in all the compositions ranging from
x 5 0.1 to 0.5 in LiVxMn22xO4. Another stretching vibration is also observed at about 490
cm21, which is due to (Li–O). As vanadium substitution increases from 0.1 to 0.5 in the

Fig. 4. FTIR spectra of LiVxMn22xO4 (x 5 0.1 to 0.5).

Table 1
Compositional parameters of vanadium doped lithium manganate spinel oxides

Theoretical formula Li/Mn V/Mn Experimentally obtained

LiV 0.1Mn1.9O4 0.502 0.052 Li0.95V0.1Mn1.89O4

LiV 0.2Mn1.8O4 0.530 0.104 Li0.96V0.19Mn1.81O4

LiV 0.3Mn1.7O4 0.565 0.174 Li0.99V0.3Mn1.72O4

LiV 0.4Mn1.6O4 0.618 0.256 Li0.99V0.41Mn1.6O4

LiV 0.5Mn1.5O4 0.625 0.303 Li0.97V0.47Mn1.55O4
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Fig. 5. Impedance behavior of LiV0.3Mn1.7O4 spinel oxide.

Table 2
Variation of charge transfer resistance with vanadium doping

x Rct(MV)

0.1 1.2
0.2 1.6
0.3 2.2
0.4 2.6
0.5 3.2
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parent spinel LiMn2O4, the absorption bands shifts towards the higher frequency side,
indicating the partial substitution of octahedral Mn with the vanadium [21].

The lithium, vanadium, and manganese contents of the samples were determined after
dissolving them in a mixture of HCl and HNO3. The compositions were determined by
atomic absorption spectrometry. Chemical analysis results for LiVxMn22xO4 (x 5 0.1 to 0.5)
are summarized in Table 1. The Li/Mn and V/Mn mole ratios obtained from AAS analysis
agree well with the mole ratios of the precursors used for the synthesis of LiVxMn22xO4

(x 5 0.1 to 0.5).
Particle size analysis was performed using a Malvern Instruments EASY particle sizer

M3.0. The data shows that about 50% of the particles were between 3 and 10mm in size, and
the remaining particles were between 15 and 28mm, with a specific surface area of 0.31
m2/cc.

Impedance analysis was performed using ion-blocking electrodes of EG & G Princeton
Applied Research Potentiostat. Pellets 1 cm2 were prepared under a pressure of 5 tons. The
pellets were placed between ion-blocking electrodes such as copper discs and a dc potential
of 0 V (OCV) was applied with 5 mV rms ac superimposed. The experiment was carried out
in the frequency range 10 Hz to 10 kHz. A typical Nyquist plot for the vanadium substituted
(x 5 0.3) lithium manganate spinel oxide is given in the Fig. 5. From the plot, the
charge-transfer resistance was calculated as Rct 5 2.2 MV. A fine semi-circle was obtained
representing the ideal impedance behavior with frequency. From Table 2 it is evident that as
the vanadium content increased from x5 0.1 to 0.5, the charge-transfer resistance increases
proportionally, which explains the higher oxidation state of manganese cation with increas-
ing substitution of vanadium.

Fig. 6 shows the voltage profile during the first discharge of cell configuration SnO2/1M
LiClO4/ LiV 0.5Mn1.5O4. The OCV of the cell was 1.8 V. In the discharge curve, a plateau
was observed around 1.75 V. During the 20th discharge cycle the discharge capacity was

Fig. 6. Voltage profile during first discharge of cell configuration SnO2/1M LiClO4/LiV 0.5Mn1.5O4 at a current
density of 10mA/cm2.
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maintained at 70mAh/g. After the 20th cycle the impedance of the system increases
marginally due to the increase in the electrode-electrolyte interfacial resistance. The cell
shows a discharge capacity of 70mAh/g, which gives a coloumbic efficiency of 70%. Further
work to increase the coloumbic efficiency of the cathode material is underway.

4. Conclusions

In the present investigation, we demonstrated a new low temperature sol-gel route for the
synthesis of vanadium substituted lithium manganate spinel oxides. The synthesis temper-
ature is lower than that of solid-state reaction route reported earlier. Cells fabricated with this
material were found to be stable for more than 20 cycles. Further studies on charge–
discharge cycling are underway.
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