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A B S T R A C T

Nanocrystalline Li3V2(PO4)3/C composite synthesized using a novel corn assisted combustion method at

850 8C exhibits superior physical and electrochemical properties than the one synthesized at 800 8C.

Despite the charge disproportionation of V4+ and a possible solid solution behavior of Li3V2(PO4)3

cathode upon insertion and extraction of Li+ ions, the structural stability of the same is appreciable, even

with the extraction of third lithium at 4.6 V. An appreciable specific capacity of 174 mAh g�1 and better

capacity retention upon high rate applications have been exhibited by Li3V2(PO4)3/C cathode, thus

demonstrating the suitability of the same for lithium-ion battery applications.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Li3V2(PO4)3, known for its better thermal and structural
stability, facile lithium ion transport and higher theoretical
capacity exists in two different phases viz., thermodynamically
more stable monoclinic form and the NASICON-type rhombohe-
dral phase [1–3]. The monoclinic structure allows the extraction of
all the three lithium and the rhombohedral form corresponds to
the extraction of only two lithium per formula unit. In Li3V2(PO4)3,
the arrangement of three-dimensional framework of slightly
distorted VO6 octahedra and PO4 tetrahedra shares oxygen
vertexes and facilitates the hosting of lithium ions in the interstitial
positions [4,5]. As a result, Li3V2(PO4)3 exhibits appreciable ionic
conductivity and facile lithium diffusion kinetics compared with
LiFePO4 [4,6]. However, the intrinsic lower electronic conductivity
of native Li3V2(PO4)3 prioritizes the formation of Li3V2(PO4)3/C
composite material over electronically modified Li3V2(PO4)3 based
solid solutions [4,7–10]. Hence, identification of suitable carbon
additive and synthesis approach to prepare nanocrystalline and
phase pure Li3V2(PO4)3/C composite assumes importance.

The present study enumerates the preparation of title compound
with 5 wt.% super P carbon, which is reported to improve the
electrochemical behavior [11] of phosphate cathodes. Similarly,
combustion method, known to produce homogenously distributed
nanocrystalline and mesoporous particles [12] has been chosen for
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the study. More importantly, corn powder, a cheap and commonly
available polysaccharide that undergoes decomposition at a
temperature as low as 200 8C and aids the combustion process to
form nanocrystalline Li3V2(PO4)3/C product has been explored in the
current study. Unlike nitrogenous combustible fuels, wherein poor
yield of final product is unavoidable due to the sudden expulsion of
tremendous amount of heat energy, the currently exploited corn
powder undergoes decomposition at a moderate rate to form a finely
cooked fluffy mass, which upon furnace calcination produces ultra
fine powders of reduced particle size and preferred morphology
without affecting the quantum of yield, which is the significance of
corn assisted combustion (CAC) method.

In short, the study has a major focus on the exploration of corn
assisted combustion (CAC) method to produce phase pure and
better performing Li3V2(PO4)3/C compound, wherein suitability of
thus synthesized Li3V2(PO4)3/C cathode for high power application
has been demonstrated, which is the highlight of the study.

Further, based on the results of Morgan et al. [13], Li3V2(PO4)3/C
of the present study has been synthesized at two different
temperatures viz., 800 and 850 8C and the effect of synthesis
temperature upon physical and electrochemical properties has
been studied in detail.

2. Experimental procedure

2.1. Synthesis of Li3V2(PO4)3/C

Li3V2(PO4)3/C sample was prepared by combustion method
using corn powder as fuel with the combination of precusors, viz.,
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LiNO3 (Alfa Aesar), V2O5 (Alfa Aesar) and NH4H2PO4 (Merck).
Primarily, the reactants were added to distilled water with
magnetic stirring and heated to 80 8C to get a homogeneous
solution. Corn powder, dissolved in hot water was added to the hot
precursor solution and the process of stirring and heating was
continued to get a thick mass. The mass was dried in hot air oven at
120 8C for one night and heated to 350 8C for 4 h. in a furnace at a
heating rate of 5 8C min�1. With Ar/H2 (90:10) gas mixture.
Further, the powder was heated to 800 8C for 8 h. with an
intermittent grinding to obtain the final product. The procedure
was repeated to synthesize Li3V2(PO4)3/C at 850 8C and the final
products (800 and 850 8C) were subjected to systematic charac-
terization studies individually.

2.2. Physical and electrochemical characterizations

Phase characterization was done by powder X-ray diffraction
technique on a PANalytical X’pert PRO X-ray diffractometer using
Ni-filtered Cu Ka radiation (l = 1.5406 Å). HRTEM was recorded
with Jeol Jem 2100 TEM analyzer. Fourier transform infrared
spectroscopy (FTIR) was performed on a Perkin–Elmer Paragon-
500 FT IR spectrophotometer using a pellet containing a mixture of
KBr and the response of active material in the region 400–
1400 cm�1 has been noted. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were
carried out using an Auto lab electrochemical workstation. Charge
discharge studies were carried out using MACCOR charge–
discharge cycle life tester. Details pertinent to electrode prepara-
tion and coin cell fabrication are reported elsewhere [14].

3. Results and discussion

3.1. Phase characterization – XRD analysis

The recorded XRD pattern of Li3V2(PO4)3/C synthesized at 800
and 850 8C are depicted in Fig. 1. All the fundamental Bragg peaks
can be indexed to monoclinic structure with P21/n space group
[15,16]. Absence of secondary phase indicates the presence of
Fig. 1. XRD pattern of Li3V2(PO4)3/C synthesized by using combustion at (a) 800 and

(b) 850 8C. 
amorphous carbon in Li3V2(PO4)3/C composite and the total carbon
content of Li3V2(PO4)3/C has been calculated to be 12%, by adopting
the procedure reported in the literature [17].

It is quite interesting to note that the impurity peak at 2u = 22.48
(Fig. 1a), corresponding to the presence of Li3PO4, exhibited by
Li3V2(PO4)3/C synthesized at 800 8C is found to get eliminated
when synthesized at 850 8C (Fig. 1b). Even though such an
observation of Li3PO4 impurity is not unusual [17], it is understood
from Fig. 1b that a temperature of 850 8C is required to prepare
phase pure Li3V2(PO4)3/C using CAC method. The calculated lattice
parameter values [a = 8.60(Å), b = 8.58(Å) and c = 11.93(Å)], are in
good agreement with the reported values [3] and the Scherrer
derived grain size is 53 nm.

3.2. Local cation environment – FTIR study

Basically, stretching vibrations of PO4
3� units and the presence

of V–O are the characteristic FTIR features of Li3V2(PO4)3

compound. Particularly, the PO4 tetrahedral internal modes
correspond to the stretching motions and those of PO4 external
modes correspond to the vibrational and translational motions of
P–O bonds. In FTIR, the external modes associated with the
intramolecular vibrations of PO4 and VO6 units are found to above
400 cm�1. Accordingly, stretching vibrations of phosphorus – non-
bridging oxygen bond correspond to the presence of a deep singlet
at 1042 (Fig. 2a) and 1047 cm�1 (Fig. 2b) and the bending
vibrations of symmetric and antisymmetric O–P–O bonds are
evident from the appearance of a doublet at 1200 and 1230 cm�1.
Further, presence of a triplet at 633, 578 and 507 cm�1 may be
attributed to the stretching frequency of V–O bonds present in
Li3V2(PO4)3 compound.

Interestingly, absence of peaks in 700–900 cm�1 region
confirms the absence of (P2O7)4� and (P3O10)5� units and hence
Fig. 2. FTIR spectra of Li3V2(PO4)3 synthesized at (a) 800 8C and (b) 850 8C.



Fig. 3. HRTEM images (a and b) and SAED pattern (c and d) of combustion assisted synthesized Li3V2(PO4)3/C at 850 8C.
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the presence of (PO4)3�moiety in Li3V2 (PO4)3/C is confirmed from
FTIR study. Similarly presence of meta phosphates containing
R(PO3)3 is also not found with the currently synthesized
Li3V2(PO4)3/C compound, as understood from the absence of
peaks between 1240 and 1280 cm�1. Hence, formation of
Li3V2(PO4)3/C with preferred local cation environment is under-
stood from FTIR analysis.

3.3. Particle size and carbon coating – HRTEM analysis

HRTEM images recorded for Li3V2(PO4)3/C synthesized at
850 8C are displayed in Fig. 3(a–d). Significantly reduced
particles of 50 nm size, embedded in an uniformly formed
carbon coating of 6 nm thickness is evident from Fig. 3a. Herein,
the combined effect of added super P carbon and the in situ
decomposition of corn to produce residual carbon is responsible
to form a layer of carbon coating that impedes the growth of
native Li3V2(PO4)3 particles even at 850 8C. The presence of such
protective carbon coating is clearly seen from Fig. 3b. Selective
area electron diffraction (SAED) pattern recorded individually
for native Li3V2(PO4)3 compound and carbon coated on the
surface of Li3V2(PO4)3 matrix are furnished in Fig. 3c and d,
respectively. The polycrystalline and amorphous nature of
Li3V2(PO4)3 material (Fig. 3c) and carbon coating (Fig. 3d)
are understood from the respective selective area electron
diffraction (SAED) pattern. Hence, the advantageous effects of
enhanced lithium transport due to the formation of nanocrystal-
line (50 nm) particles and the increased electronic conductivity
[18] resulting from carbon wiring are believed to improve the
electrochemical behavior of synthesized Li3V2(PO4)3/C com-
pound synergistically, which is the significance of the study.
3.4. Cyclic voltammetry studies

Cyclic voltammograms recorded for Li3V2(PO4)3/C cathode
synthesized at 800 and 850 8C at a scan rate of 0.2 mV s�1 are
depicted in Fig. 4(a–b). Potential red-ox peaks at 3.5, 3.6 and 3.9 V
noticed for Li3V2(PO4)3/C cathodes cycled in the range 3.0–4.5 V
are shown in inset of Fig. 4(a–b), which is the characteristic CV
behavior of the same [19,20]. Upon charging, Li3V2(PO4)3/C
cathodes exhibit three oxidation peaks at 3.6, 3.7 and 4.1 V,
corresponding to the removal of two lithium per formula unit
according to the following equations.

Li3V2ðPO4Þ3
Monoclinic

Ð
�0:5Liþ

Li2:5V2ðPO4Þ3
Rhombohedral ð3:67 VÞ

Ð
�0:5Liþ

Li2V2ðPO4Þ3
ð3:73 VÞ

þe� (1)

Li2V2ðPO4Þ3 Ð
�Liþ

LiV2ðPO4Þ3
ð4:11 VÞ

þe� (2)

Similarly, upon discharge process, three reduction peaks are
observed at 4.0, 3.6 and 3.5 V, corresponding to the insertion of two
lithium per formula unit, as mentioned below:

LiV2ðPO4Þ3 Ð
þLiþ

Li2V2ðPO4Þ3
ð3:97 VÞ

þe� (3)

Li2V2ðPO4Þ3 Ð
þ0:5Liþ

Li2:5V2ðPO4Þ3
ð3:62 VÞ

Ð
þ0:5Liþ

Li3V2ðPO4Þ3
ð3:54 VÞ

þe� (4)

Among the two cathodes, based on the smaller potential
difference noted for the red-ox couples and the insignificant
difference observed between the red-ox peak positions of the
initial and progressive cycling, it is understood that Li3V2(PO4)3/C



Fig. 4. Cyclic voltammograms of Li3V2(PO4)3/C cathode recorded between 3 and

4.8 V (Inset: Figures show CV of 3–4.5 V range).

Fig. 5. Cyclic behavior of Li3V2(PO4)3/C synthesized at 800 and 850 8C.

Fig. 6. Capacity vs. voltage profiles of Li3V2(PO4)3/C synthesized by using

combustion method at 800 and 850 8C.
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synthesized at 850 8C exhibits excellent cycling reversibility and
better structural stability (Fig. 4b).

Even though the extraction of third Li+ ion/electron is
kinetically hindered, it is reported that the onset of two phase
behavior [5,12] reappears after the reinsertion of two lithium. In an
attempt to extract the third lithium, Li3V2(PO4)3/C synthesized at
850 8C exhibits a significant peak (Fig. 4b) at 4.6 V [10], thus
demonstrating the superiority of the same over Li3V2(PO4)3/C
synthesized at 800 8C (Fig. 4a). Further, an appreciable chemical
lithium diffusion co-efficient value of 2 � 10�12 cm2 s�1 has been
exhibited by Li3V2(PO4)3/C compound synthesized at 850 8C, which
is believed to be useful in facilitating facile lithium ion transport.

3.5. Charge–discharge studies

Charge-discharge behavior of Li3V2(PO4)3/C synthesized at 800
and 850 8C has been studied in detail with respect to 4.5 and 4.8 V
limits individually. It is quite interesting to note that the initial
capacity values (C/10 rate) of Li3V2(PO4)3/C (Fig. 5) synthesized at
850 8C are found to be greater [174 mAh g�1 (4.8 V) and 132 mAh g�1

(4.5 V)] than the values [160 mAh g�1 (4.8 V) and 125 mAh g�1

(4.5 V)] exhibited by Li3V2(PO4)3/C synthesized at 800 8C (Fig. 5).
Typical charge–discharge profile exhibited by Li3V2(PO4)3/C
cathode with respect to 4.5 and 4.8 V limits is appended in Fig. 6.
Subsequently, results obtained from the rate capability test of
Li3V2(PO4)3/C cathodes (800 and 850 8C) are furnished in Fig. 7.
Herein, Li3V2(PO4)3/C cathodes (800 and 850 8C) were subjected
individually to undergo charge–discharge process at various rates
such as C/10, C/5, 1C, 5C and 10C rates and prior to the completion of
the study, the cells discharged at 10C rate were discharged at C/10
rate, in order to demonstrate the capacity retention behaviour of
Li3V2(PO4)3/C cathode with respect to rate capability test.

Discharge capacity values exhibited by Li3V2(PO4)3/C (850 8C)
are found to be superior than the values obtained with Li3V2(PO4)3/
C synthesized at 800 8C, irrespective of the voltage limit and
current density. The observed specific capacity of 132 mAh g�1

(4.5 V range), corresponding to the extraction of two lithium is
superior than the values reported by Ren et al. (110 mAh g�1) [9]
and Pan et al. (112 mAh g�1) [12]. Also, it is greater than the
capacity values reported by Zhong et al. (119 mAh g�1) [20] for the
combustion synthesized Li3V2(PO4)3/C cathode, which is notewor-
thy. Similarly, the capacity values of 174 mAh g�1 (C/10 rate),
160 mAh g�1 C/5 rate) and 96 mAh g�1 (10C rate) exhibited by
Li3V2(PO4)3/C (850 8C) cathode in the 4.8 V limit corresponding to



Fig. 7. Rate capability of combustion synthesized Li3V2(PO4)3/C at 800 and 850 8C.

Fig. 8. Impedance spectra of Li3V2(PO4)3/C synthesized at 800 and 850 8C.
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the extraction of three lithium per formula unit are either
comparable [21] or superior [22,23] than the reported values,
with an exception of two [24,25].

Further, the excellent capacity retention and enhanced
columbic efficiency (99%) exhibited by Li3V2(PO4)3/C cathode of
the present study is significantly better than the reported behavior
[20]. All the said advantages could be understood as a function of
synergistic effect of corn assisted combustion (CAC) method in
producing Li3V2(PO4)3/C compound, especially at a temperature of
850 8C with the addition of 5 wt.% super P carbon.

3.6. Electrochemical impedance spectroscopy (EIS) measurements

Nyquist plots recorded individually for Li3V2(PO4)3/C cathodes
(800 and 850 8C) investigated under two conditions, viz., imped-
ance of as fabricated cell and impedance of the cell after
completing 10CV cycles are furnished in Fig. 8, respectively. In
both cases, a semicircle in the high frequency range corresponding
to the charge transfer impedance in the electrode/electrolyte
interface and an inclined line in the low frequency range due to
the process of lithium-ion diffusion [26–28] are observed .The
charge transfer impedance of the as fabricated cell of Li3V2(PO4)3/C
synthesized at 800 and 850 8C is found to be almost the same
(�500 V) as evident from Fig. 8. On the otherhand, significantly
reduced impedance of 40 V (Fig. 4b) has been exhibited by
Li3V2(PO4)3/C (850 8C) after completing 10CV cycles, thus sub-
stantiating the superiority of the same over Li3V2(PO4)3/C
synthesized at 800 8C, as understood from the results of XRD,
CV and charge–discharge studies.

4. Conclusion

Corn assisted combustion (CAC) method has been used to
prepare phase pure and nanocrystalline (50 nm) Li3V2(PO4)3/C
composite cathode consisting of an amorphous carbon coating.
The distinct appearance of characteristic CV peaks and the
perfect overlapping of red-ox peaks upon progressive cycling
evidence the structural and cycling stability of Li3V2(PO4)3/C
cathode synthesized at 850 8C. With the extraction of third
lithium at 4.6 V, Li3V2(PO4)3/C cathode (850 8C) exhibits (C/10
rate) an initial capacity of 174 mAh g�1 and an excellent capacity
retention with respect to rate capability test. The study paves
way to consider corn assisted combustion (CAC) synthesized
Li3V2(PO4)3/C as yet another potential cathode with improved
electrochemical behavior.
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