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bstract

A new inverse spinel LiNi1/3Co1/3Mn1/3VO4 cathode material was synthesized through a citric acid assisted polyethylene glycol (CA:PEG; 3:1,
:0.5 and 3:0) polymeric method, followed by calcination at 723 K for 5 h in air. The synthesized compound was characterized by TG/DTGA,
RD, FTIR, TEM, and 7Li NMR techniques. TG/DTGA curves showed that the formation of LiNi1/3Co1/3Mn1/3VO4 occurred between 523 and
73 K and the phase pure crystalline formed at 723 K, as also confirmed by XRD analysis which showed that the crystalline phase peaks formed
hen heated at 723 K for 5 h in air. TEM images revealed that nanosized particles ranged ∼170–190 nm. FTIR spectra showed that all organic

esidues were removed and LiNi1/3Co1/3Mn1/3VO4 formed. The 7Li MAS NMR spectrum of the LiNi1/3Co1/3Mn1/3VO4 sample revealed that the

aramagnetic effect is small and small side band manifolds were observed. The galvanostatic cycling study suggests that the cycle stability and
apacity retention were enhanced for LiNi1/3Co1/3Mn1/3VO4 prepared with a CA:PEG molar ratio of 3:1 when it was cycled between 2.8 and 4.9 V
versus Li) at a 0.15C rate. The electrochemical impedance behavior suggested that a passive layer was formed on the surface of the cathode
aterials during continuous cycling.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Current research and development are aimed at the study of
ithium-ion inverse spinel cathode materials such as LiNiVO4,
s they display a high voltage plateau near ∼4.8 V, whereas
iCoVO4 and LiMnVO4 exhibit their plateau near 4.2 and
.8 V, respectively [1,2]. In general, the theoretical capacity of
nverse spinel vanadates possess about 148 mAh g−1, but prac-
ically they deliver a low charge–discharge capacity of about

45–50 mAh g−1 accompanied by a large irreversible capac-
ty loss (∼40%) and upon continuous cycling, their capacity
rops drastically [1,2]. Consequently, in order to improve their
apacity and cycle performance, Fey et al. [3–5], Lai et al. [6],
choonman and co-workers [7,8] and other researcher groups,

tudied improving electrochemical performance and cycle sta-
ility by co-doping various transition metal ions (Ni, Cu, Cr and
e) with LiCoVO4. Even though wide studies have been carried
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um-ion batteries

ut on the inverse spinel cathode materials, a better combina-
ion of various co-doped ion compositions are needed to stabilize
heir structure, capacity, cycle stability and irreversible capacity
oss. Therefore, we focus our attention on synthesizing a mixed
omposition of LiNiVO4 by partially substituting Ni2+ in the
ctahedral sites with 1/3rd Co2+ and 1/3rd Mn2+ ions [9], so as
o increase the reversibility of Li-ions (de)intercalate-ion in the
ctive cathode material.

In order to achieve better properties in a material, vari-
us preparative methods [1–12] have been used. Park et al.
13] described for the LiNi1/3Co1/3Mn1/3O2 material, that the
ynthesis process plays an important role in determining the
hase pure oxide material. Therefore, an advantageous citric
cid assisted with PEG method was followed that facilitates
he synthesis of nanosized particles with a larger surface area
equired for enhancing Li-ion (de)intercalation and also low
emperature syntheses. Hence in this work, we have attempted

o synthesize a combination of a novel mixed composition and
anoparticulate LiNi1/3Co1/3Mn1/3VO4 through a polymeric cit-
ate assisted with and without PEG method. The structural and
lectrochemical properties of the prepared materials were char-
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3400–3600 cm−1 is due to the presence of stretching modes of
OH groups present in the complex network of CA and PEG
[17]. The FTIR band observed at 1594 cm−1 is due to the asym-
metric vibrations of COO− groups with the metal ions. The
G.T.-K. Fey et al. / Journal of Po

cterized. We also investigated the effect of Mn substitution on
he local lithium environments and long-range structures. The
Li NMR has been shown to be a sensitive probe of the local
tomic and electronic environments of Li+ ions in a variety of
lectrode materials [14,15]. Therefore, 7Li magic angle spin-
ing (MAS) NMR was used to characterize the structure of
iNi1/3Co1/3Mn1/3VO4, since the 7Li NMR spectra are sensi-

ive to short distance coupling with the paramagnetic transition
etal ions.

. Experiment

The LiNi1/3Co1/3Mn1/3VO4 cathode material was synthe-
ized by a CA:PEG polymeric method, whose molar ratios
ere varied as 3:1, 3:0.5 and 3:0. Stoichiometric amounts
f Li2CO3, NiCO3·2Ni(OH)2·4H2O, Co(CH3COO)2·4H2O,
n(NO3)2·4H2O and NH4VO3 (Acros Organics, >98%) were

ombined to give LiNi1/3Co1/3Mn1/3VO4, through a detailed
rocedure as described elsewhere [16]. The dried polymeric gel
recursor was heated at a ramping rate of 2 K min−1 and main-
ained at 473 K for 3 h, 573 K for 3 h and 723 K for 5 h in air,
ith intermediate grinding.
The thermal analysis (TG/DTGA) measurement was car-

ied out on a Perkin-Elmer TGA-7 series, at a heating rate
f 20 K min−1 from 323 to 773 K. An X-ray diffractometer
XRD), Siemens D-5000, Mac Science MXP18, equipped with
nickel-filtered Cu K� radiation source (λ = 1.5405 Å) between
5◦ and 80◦ in steps of 0.05◦ was used for structural analy-
is. The microstructures of the particles were examined by a
EOL JEM-200FXII transmission electron microscope (TEM)
quipped with a LaB6 gun. Fourier transform infrared (FTIR)
pectra were recorded from 400 to 4000 cm−1 on powdered
amples using the KBr wafer technique in a Jasco-410 FTIR
nstrument.

The 7Li MAS NMR was recorded on a Varian Infinityplus-
00 NMR spectrometer at 193.73 MHz, with a 4 mm
hemagnetic probe. The samples were mixed with dry MgO

typically 60–70% in weight) in order to facilitate the sample
pinning, since they may exhibit metallic or paramagnetic prop-
rties. In order to facilitate the phasing of the spinning side bands,
linear prediction method was applied to process the NMR

ata. Typically, the 90◦ pulse duration was 3.0 �s, the spinning
peed was 14 kHz, the spectral width was in the 100–500 kHz
ange, and the recycle delay was 1 �s. 7Li Chemical shifts
ere externally referenced to a 1 M LiCl aqueous solution at
ppm.

The electrochemical performances of the cathode were
arried out with coin type cells of the 2032 configuration
nd were assembled in an argon-filled VAC MO40-1 glove
ox. The cell constituents as described elsewhere [16]. The
ells charge–discharge cycles were preformed at a 0.15 C rate
etween 2.8 and 4.9 V, at 298 K, in a multi-channel battery
ester (Maccor 4000). Coin cells fully charged to 4.9 V and also

harged at different voltages were subjected to impedance mea-
urements using a Schlumberger 1286 electrochemical interface
nd frequency response analyzer (Model 1255), driven by Cor-
ware software (Scribner Associates). The frequency range was

F
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5 kHz to 0.001 Hz and the amplitude of the perturbation signal
as 20 mV at 298 K.

. Results and discussion

Fig. 1 shows the TGA/DTGA curves of the
iNi1/3Co1/3Mn1/3VO4 precursor. In Fig. 1, the TGA curve
hows a step-wise weight loss in the temperature ranges from
23 to 410 K, 410–629 K, 629–713 K and there was no weight
oss after 723 K. The observed initial weight loss of 4% was
ttributed to the loss of water and unwanted organic residues. In
he second temperature range of 410–629 K, the metal complex
olymeric network formed between the acid group of citrate and
he hydroxyl group of PEG decomposed into intermediates and
ormed crystalline LiNi1/3Co1/3Mn1/3VO4 compound, which
orresponds to the 20% weight loss. In the third temperature
ange 629–713 K, the intermediates completely decomposed
nd phase pure LiNi1/3Co1/3Mn1/3VO4 was formed. Most of
he combustion process was initiated in this temperature range,
s evidenced by the strong DTG peak and the decomposition
f the complex polymeric network facilitates the formation of
ano-phase compound. In Fig. 1, the weight loss stops at 723 K
nd hence, all powders were sintered at 723 K for 5 h in air.

Fig. 2 shows the XRD pattern for the LiNi1/3Co1/3Mn1/3VO4
ample heated at 723 K for 5 h in air. From Fig. 2, it is observed
hat the crystalline single phase compound was obtained when
alcined at 723 K for 5 h in air, which belongs to the inverse
pinel structure. The increased lattice constant a value and the
rystal cell volume for the sample were 8.297 Å and 571.3 Å3,
espectively [1,6] and their increase should be due to the
ubstitution Ni2+ and Co2+ ions by a large ionic radius of
n2+ ions in the octahedral sites. The TEM micrograph of

he LiNi1/3Co1/3Mn1/3VO4 cathode material revealed that the
ormed crystalline are spherical nanoparticles range from ∼170
o 190 nm [16].

Fig. 3a–c shows the FTIR spectra of LiNi1/3Co1/3Mn1/3VO4
eated at 423 K for 24 h, 573 K for 3 h and 723 K for 5 h, respec-
ively. In Fig. 3a and b, the broad band observed in the region
ig. 1. TGA/DTGA for LiNi1/3Co1/3Mn1/3VO4 prepared by a CA:PEG (3:1)
olymeric route.
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ig. 2. XRD patterns for (a) LiNi1/3Co1/3Mn1/3VO4 prepared by CA:PEG (3:1)
olymeric route and heated at 723 K for 5 h and (b) JCPDS (#38-1935) LiNiVO4.

ands observed at 1074 and 1314 cm−1 are due to asymmetric
tretching of C–O–C groups in the polymeric network. Thus,
he FTIR spectra revealed the heated compounds at 423 K and
73 K were formed of metal carboxylates, thereby, confirm-

ng that the citric acid and PEG complex chelates the metal
ons. In Fig. 3b, the reduction in the intensity of the bands
orresponds to the elimination of organic residues and appear-

ig. 3. FTIR spectra for LiNi1/3Co1/3Mn1/3VO4. (a) Heated at 423 K for 24 h.
b) Heated at 573 K for 3 h. (c) Heated at 723 K for 5 h.
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nce of new bands corresponding to the formation of crystalline
iNi1/3Co1/3Mn1/3VO4. In Fig. 3c, the CA and PEG complex
ands completely disappeared and formed a pure crystalline
iNi1/3Co1/3Mn1/3VO4 compound. The observed results of the
TIR are correlated with TGA curves, which confirmed the
ecomposition of organic components and the formation of crys-
alline compound. In Fig. 3c, there is broad strong band in the
egion 600–915 cm−1 that can be assigned to a stretching vibra-
ion between the oxygen and V5+ ions of the VO4 tetrahedron
n which four types of cations, namely Li, Co, Ni and Mn, may
e bonded. The band at 448 cm−1 is attributed to symmetrical
i–O stretching [18].

Fig. 4 shows the 7Li MAS NMR spectrum for the
iNi1/3Co1/3Mn1/3VO4 sample, together with that of
iNi1/2Co1/2VO4 for comparison. The spectra are charac-

erized by a single isotropic sharp peak at 0 ppm and spinning
ideband manifolds, as expected for paramagnetic materials.
his indicates that both materials contain a single type of 7Li
ite, and the 7Li local environments did not significantly change
pon Mn substitution. However, much less intense sidebands
ere observed for LiNi1/3Co1/3Mn1/3VO4, compared to those

or LiNi1/2Co1/2VO4. The large spinning sidebands in the
Li MAS NMR spectrum of LiNi1/2Co1/2VO4 mainly result
rom the paramagnetic interaction between the lithium nucleus
nd transition metal unpaired electrons. The weak intensities
f spinning sidebands observed for LiNi1/3Co1/3Mn1/3VO4
ndicate that the paramagnetic electron effects in this sample are
ot important. They may result from lattice expansion upon Mn
ubstitution, which makes the lithium nucleus more distant from
he lattice transition metal ions. As a result, the paramagnetic
ffect is small and small sideband manifolds were observed
n the 7Li MAS NMR spectrum of LiNi1/3Co1/3Mn1/3VO4
athode material.

Fig. 5 shows the electrochemical performance for the

iNi1/3Co1/3Mn1/3VO4 cathode synthesized with various molar

atios of CA:PEG of 3.0:1.0, 3.0:0.5 and 3.0:0, at 298 K.
he initial charge capacities of the LiNi1/3Co1/3Mn1/3VO4
athode synthesized with the above CA:PEG ratios were

ig. 4. 7Li MAS NMR spectra of (a) LiNi1/2Co1/2VO4 and (b) LiNi1/3Co1/3

Mn1/3VO4, acquired at a spinning speed of 14 kHz.
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ig. 5. Cycling behavior of the LiNi1/3Co1/3Mn1/3VO4 cathode material.
harge–discharge: 0.15C rate between 2.8 and 4.9 V at 298 K.

9, 68 and 71 mAh g−1 and discharge capacities were 70,
6 and 60 mAh g−1, respectively. After 20 cycles, the dis-
harge capacities and coulombic efficiencies were 53, 46 and
1 mAh g−1and 76%, 70% and 51%, respectively. In order to
ompare the effect of various molar ratios of CA:PEG content
sed in the synthesis process on the cycling performance of
i/LiNi1/3Co1/3Mn1/3VO4 cells, a preset cut-off value of 50%
apacity retention was fixed. Based on this cut-off regime, the
ompounds synthesized with CA:PEG 3:1, 3:0.5 and 3:0 con-
ents could sustain up to 60, 44 and 17 cycles, respectively. From
ig. 5, it is notable that the compound synthesized with CA:PEG
ontent of 3:1 exhibited a smaller initial drop in the discharge
apacity 9 mAh g−1.

Table 1 shows a comparison of the first cycle discharge capac-
ty and the irreversible capacity loss for the various co-doped
nverse spinel cathodes and from the results, it is concluded that
he LiNi1/3Co1/3Mn1/3VO4 compound exhibited a small irre-
ersible capacity loss and an excellent discharge capacity. A
ossible explanation for the improved capacity retention and
ycle stability is the lattice expansion of the Mn-doped cathode
aterial that was established from the 7Li MAS NMR analysis,
hich is favorable for the Li+ (de)intercalation process. Thus,

he composition of the compound, the co-doped Co and Mn ions
ubstituting for the Ni ions, and the preparation method are suit-
ble for obtaining better discharge capacity and enhanced cycle

tability cathode material compared to the literature reported
nverse spinel vanadate cathodes [3–6,19].

Fig. 6a and b show the impedance spectra (Z′ versus Z′′) for
iNi1/3Co1/3Mn1/3VO4 at its first cycle when charged at dif-

a
i

u

able 1
comparison of the electrochemical performance of the co-doped inverse spinel van

athode material First cycle discharge
capacity (mAh g−1)

Irreversible capacity
loss (mAh g−1)

iNi0.5Co0.5VO4 44 23
iNi1−xMnxVO4 30 40
iCo0.94Fe0.06VO4 73 27
iNi0.5Co0.5VO4 68 25
iNi1/3Co1/3Mn1/3VO4 70 9
ig. 6. Electrochemical impedance plots of LiNi1/3Co1/3Mn1/3VO4 sample
eated at 723 K for 5 h (a) as a function of different voltages and (b) as a function
f cycle number at 298 K.

erent cell voltages 4.3, 4.5 and 4.9 V and charged at 4.9 V as
unction of cycle number, respectively. In Fig. 6a and b, the high
requency semicircle represents the impedance due to a surface
lm on the oxide electrode and the low-frequency semicircle is
elated to a slow charge transfer process at the interface, as well
s a capacitance at the oxide interface. The Warburg tail implies
hat the electrode processes under this condition are controlled
y diffusion.

The electrode kinetics was determined as a function of Li
ons deintercalation from the lattices at different voltages dur-
ng the charge process. In Fig. 6a, it is observed that the cell
harged at 4.3, 4.5 and 4.9 V, showed impedance of about 98,
9 and 65 �, respectively. Thus, the charge process was accom-
anied by the deintercalation of Li ions from the crystal lattices

nd the response changes drastically with a decrease in the cell
mpedance upon charge to 4.9 V.

From Fig. 6b, it is observed that the solution resistance
ndergoes very small changes upon cycling from 5.90 to

adate cathode materials

Charge–discharge voltage (V) c-rate Refs.

4.5–3.0 0.1 [5]
4.8–3.0 0.1 [6]
4.5–3.0 0.1 [7]
4.9–2.8 0.15 [19]
4.9–2.8 0.15 Present work
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.1 �. The small changes in solution resistance are ascribed
o the complex chemistry of lithium in electrolyte solutions
hat result in slight modification in the content of the con-
ucting species in the solution [20]. However, the size of
he semicircle increased with cycling. An evaluation of the
hanges in resistance as a function of cycle number shows
hat the resistance of the cathode particles increased from
7, 94 and 138 � for 1st, 5th and 15th cycles, respectively.
he results reveal that during repeated cycling, the surface of
iNi1/3Co1/3Mn1/3VO4 is formed of a passive film of polycar-
onates, polymeric hydrocarbons, LiF, LixPFy and LixPFyOz

21,22] which gets adhered as a thick dense layer, resulting
n it becoming a passive layer for the electrochemical reac-
ion. Thus, the constituents of passive film change with the
eaction between vanadates cathode electrode and electrolyte,
esulting in a decrease in cycle life when charged at high volt-
ges.

. Conclusions

Pure crystalline LiNi1/3Co1/3Mn1/3VO4 cathode material was
uccessfully prepared by a citric acid assisted PEG polymeric
ethod by varying the PEG content. TGA curves revealed the

hase pure crystalline compound occurred at 723 K, a phe-
omenon also evident from the XRD and FTIR results. The
lectrochemical measurements of the LiNi1/3Co1/3Mn1/3VO4
ynthesized with CA:PEG 3:1 content could sustain up to 60
ycles for coulombic efficiencies of 50% when charged at a high
oltage of 4.9 V. The improved capacity retention and cycle sta-
ility was due to the lattice expansion of the Mn-doped cathode
aterial that was substantiated through 7Li MAS NMR analysis.

mpedance spectra of the cathode suggest that its interaction with

he electrolyte during electrochemical cycling, which results in
decrease in cycle efficiency, is due to the resistance offered by

he passive layer on the surface of cathode when charged at a
igh voltage such as 4.9 V.
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