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A high rate and high performance Li3V2(PO4)3 cathode was

prepared by applying a carbon coating and Al substitution using the

conventional solid-state approach. X-Ray diffraction was used to

observe the structural properties of the synthesized powders. The

presence of the carbon coating was confirmed by HR-TEM and

reflected well with the Raman analysis. The Li/C-

Li3V1.98Al0.02(PO4)3 cell displayed a discharge capacity of 182 mA

h g�1 between 3 and 4.8 V vs. Li at a current density of 0.1 mA cm�1,

which is�20 mA h g�1 higher than that of the native compound. The

capacity retention was found to be 84 and 74% after 40 and 100

cycles, respectively. The C-Li3V1.98Al0.02(PO4)3 powders demon-

strated excellent rate performance at 20 C with a discharge capacity

of �120 mA h g�1 over 100 cycles. The elevated temperature

performance was also evaluated and found to be similar to that

under room temperature conditions.
Introduction

Building blocks comprising phosphate based polyanions (PO4)
3� are

considered to be promising alternatives for the replacement of oxide-

based cathodes in lithium-ion batteries (LIBs).1–3 The strong P–O

bonds and three-dimensional solid framework in (PO4)
3� anions can

guarantee both the dynamic and thermal stability required to fulfil

the safety features in high power applications, such as electric vehicles

(EVs) and hybrid electric vehicles (HEVs). Olivine LiFePO4 is

a perfect example of such phosphate based polyanions.4 In the recent

past, NASICON frameworkmonoclinic Li3V2(PO4)3 was considered

as a prospective candidate for use as the cathode in LIBs due to its

overwhelming advantages, such as having the highest theoretical

capacity among the various phosphate based polyanion framework
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materials (197 mA h g�1 for complete removal of three lithium ions).

It has also been considered as a�4 V candidate (�0.6 V higher than

LiFePO4) and its structural arrangement enables three dimensional

pathways for Li+ insertion/extraction, which are unlike the one

dimensional pathways in LiFePO4.
5 Furthermore, no significant

phase changes have been noted in the cycling process, which confirms

the robustness of the three dimensional NASICON framework

during the insertion/extraction of lithium ions. On the other hand,

phosphate based polyanion materials exhibit inferior conductivity,

due to the separated octahedral arrangement of the transition metal

cations (XO6, X¼ Fe, Mn, Co, Ni and V), but this can be effectively

circumvented by several approaches.1,5 In addition, Li3V2(PO4)3
undergoes severe capacity fading while charging up to 4.8 V for the

extraction of more than two lithium ions and no clear information is

available on such fading.6 Vanadium dissolution is another serious

problem which occurs during higher potential charging.7 Carbon

coating is one of the ways to enhance the conducting properties and

prevent transition metal ion dissolution. The carbon coating process

can be done either by synthesis (in-situ) ormillingwith carbon/carbon

precursors (ex-situ) and subsequent heat treatment. Another effective

approach is isovalent or aliovalent doping at the transition metal

sites, for instance, in Li3V2(PO4)3, V
3+ has been partially substituted

with Ti4+,8 Zr4+,9 Fe3+,10 Al3+,5 Cr3+,11 Sc3+,12 Y3+,13 Mg2+,14,15 Mn2+ 16

and Co2+ 17 to improve the electrochemical performance by stabi-

lizing the structure during high voltage charging. Among the

substituent ions, Al3+ doping was found to effectively suppress the

capacity fading during cycling vs. a graphitic anode. It is well known

that Al substitution improves the thermal stability and enhances the

cycling stability, even at elevated temperatures, and this has been

convincingly proven for LiMn2O4 cathodes.18,19 In line with these

findings, herein an attempt was made to study the effect of Al3+

substitution on the electrochemical performance of carbon coated

Li3V2(PO4)3 with an upper cut-off potential of 4.8 vs. Li under

ambient and elevated temperature conditions. Moreover, in the

present case, adipic acid was used as the source material for carbon

for the first time under optimized conditions by the solid-state

approach and the results are described in detail.
Experimental section

NASICON type monoclinic Li3V2(PO4)3 was prepared by the

conventional solid-state approach. In the typical synthesis procedure,

stoichiometric amounts of Li2CO3 (Wako, Japan), V2O5
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (a) Powder X-ray diffraction patterns of (i) Li3V2(PO4)3 and (ii)

C-Li3V1.98Al0.02(PO4)3. (b) Raman spectra of (i) Li3V2(PO4)3 and (ii)

C-Li3V1.98Al0.02(PO4)3.
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(Sigma-Aldrich, USA), Al(OH)3 (Sigma-Aldrich, USA),

(NH4)2HPO4 (Sigma-Aldrich, USA) and adipic acid (Sigma-Aldrich,

USA) were used as received. For synthesis of pristine Li3V2(PO4)3
material, Li2CO3, V2O5, and (NH4)2HPO4 materials were finely

ground in an agate mortar and calcined at 300 �C for 4 h to eliminate

the ammonium and hydroxylmoieties. The intermediate product was

ground thoroughly again, formed into a pellet and finally sintered at

900 �C for 8 h underAr flow to yield phase pure Li3V2(PO4)3 powder.

A similar procedure was used to prepare pristine Li3V2(PO4)3 except

that adipic acid and Al(OH)3 were added for carbon coated

Al-substituted Li3V2(PO4)3 material. Powder X-ray diffraction

(XRD, Rint 1000, Rigaku, Japan) using CuKa radiation was used to

determine the crystalline phases of the samples. The Raman spectra

were collected using Raman instrument (Lab Ram HR 800, Horiba,

Japan). The surface morphologies of the powders were studied using

scanning electron microscopy (FE-SEM, S4700, Hitachi, Japan) and

transmission electron microscopy (TEM, TECNAI, Philips, Neth-

erlands). All of the electrochemical characterizations were carried out

in two electrode coin cell (CR2032) configurations. The composite

cathode was formulated with 20 mg of active material, 3 mg of

Ketzen black and 3 mg of conductive binder (Teflonized acetylene

black, TAB-2). This composite was pressed on a 200 mm2 stainless

steel mesh, which served as the current collector, and dried at 160 �C
for 4 h in a vacuum oven before conducting cell assembly. The test

cells were composed of the composite cathode and metallic lithium

anode, which were separated by a porous polypropylene film (Cel-

gard 3401, USA). The electrolyte solution consisting of 1MLiPF6 in

ethylene carbonate (EC) : dimethyl carbonate (DMC) (1 : 1 by vol.)

was obtained from Techno Semichem Co., Ltd., Korea. Galvano-

static cycling was carried out between 3 and 4.8 V vs. Li at a current

density of 0.1 mA cm�2 under ambient and elevated temperature

conditions.
Results and discussion

The powder X-ray diffraction (XRD) patterns of the pristine and

carbon coated Li3V2(PO4)3 with Al doping (hereafter denoted as C-

Li3V1.98Al0.02(PO4)3) are given in Fig. 1(a). The XRDpatterns clearly

indicate the formation of a highly crystalline phase without any traces

of impurities such as Li3PO4, V2O5, etc. The reflections were indexed

according to a monoclinic structure with P21/n space group and were

consistent with the literature (JCPDS no. 80-1515). Further, there

were no peaks corresponding to the characteristic signatures of either

the carbon orAl phase, as expected, since the concentration ofAlwas

only 2% and the in situ formed carbon layer was amorphous and its

concentration was very low. No changes in the peak positions were

observed, however, small variations in intensity of the peaks (�1 2 1)

and (�2 1 1) are noted which correspond to the influence of Al doping

on V site. Further, decrease in the lattice parameter values (a ¼
8.616 �A, b ¼ 8.594 (7) �A, c ¼ 12.042 �A for Li3V2(PO4)3 and

a ¼ 8.596 (5) �A, b ¼ 8.584 (8) �A, c ¼ 12.027 (2) �A for

C-Li3V1.98Al0.02(PO4)3) and unit cell volume variation (891.69 �A3 for

Li3V2(PO4)3 and 887.56 �A3 for C-Li3V1.98Al0.02(PO4)3) are also

observed. More clearly, Al3+ ions are expected to occupy the V1 site

and it was confirmed by refinement. (Fractional coordinates and

refined patterns are given in Table S1 and Fig. S1†.) The Li3V2(PO4)3
consisted of a three-dimensional framework of metal octahedra

(VO6) and phosphate tetrahedra (PO4) sharing oxygen vertices. Each

VO6 octahedral unit is surrounded by six PO4 tetrahedral units.
This journal is ª The Royal Society of Chemistry 2012
However, each tetrahedral unit is surrounded by fourVO6 octahedral

units. This configuration forms a three-dimensional network and the

alkali cation, Li, is located in the cavities within the framework. Three

four-fold crystallographic positions exist for the lithium atoms,

leading to twelve lithium positions within the unit-cell. In order to

study the nature of the carbon layer formed on the surface of

particulates, the Raman spectra were recorded for both the pristine

and C-Li3V1.98Al0.02(PO4)3 powders and are given in Fig. 1(b). The

Raman spectra of C-Li3V1.98Al0.02(PO4)3 showed the characteristic

carbon signatures at�1360 and�1600 cm�1 corresponding to the D

andGmodes, respectively. However, no such bands were observed in

the spectra of the bare Li3V2(PO4)3 powders, which indicates the

absence of carbon. The frequency of�1600 cm�1 corresponds to the

G mode with the optically allowed E2g vibrations of the graphitic

structure, which reveals that the carbon films coated on the particles

are partially graphitized. On the other hand, the presence of the

characteristic frequency of �1360 cm�1 is related to disordered

carbon.20 The peak intensity ratio of the D and G bands (ID/IG)

provides useful information about the degree of crystallinity of the

carbon coated over Li3V1.98Al0.02(PO4)3. In the present case, the ID/IG
ratio is 0.94, which indicates that the coating predominantly contains

sp2 type carbon, thereby enabling good electronic conductivity

profiles.21

Fig. 2 shows the morphological features of the pristine and

C-Li3V1.98Al0.02(PO4)3 powders. The SEM pictures clearly show the

aggregation of the sub-micrometre size particulates in both the pris-

tine and C-Li3V1.98Al0.02(PO4)3 powders (Fig. 2(a) and (b), respec-

tively). At the same time, the C-Li3V1.98Al0.02(PO4)3 particles are

composed of slightly more isolated particles compared to the native

compound. The aggregation of these particles is expected, since the

materials were prepared by solid state reactions at high temperature
J. Mater. Chem., 2012, 22, 6556–6560 | 6557
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Fig. 2 SEM pictures of (a) bare Li3V2(PO4)3, (b) C-Li3V1.98Al0.02(PO4)3,

(c) TEM images of C-Li3V1.98Al0.02(PO4)3 and (d) HR-TEM image of

C-Li3V1.98Al0.02(PO4)3.

Fig. 3 (a) Galvanostatic charge/discharge curves of Li/Li3V2(PO4)3 and

Li/C-Li3V1.98Al0.02(PO4)3 cells cycled between 3 and 4.8 V at 0.1 mA cm�2

and (b) cycling performance of above cells at room temperature.
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with a relatively long duration. The isolated particle morphology in

C-Li3V1.98Al0.02(PO4)3 is probably due to the presence of adipic acid,

which prevents the growth of the particles via the formation of

a carbon layer on the surface of the particulates. TheTEM image also

confirms the formation of sub-micron size particles for

C-Li3V1.98Al0.02(PO4)3 (Fig. 2(c)). In order to confirm the formation

of a carbon layer on the particulates, an HR-TEM image was

recorded and is presented in Fig. 2(d). The HR-TEM image clearly

indicates the presence of a 2–3 nm thick layer of carbon. The carbon

content in the C-Li3V1.98Al0.02(PO4)3 phase was estimated to 0.38 wt

% by CHN analysis.

The galvanostatic cycling profiles of both the pristine and

C-Li3V1.98Al0.02(PO4)3 powders were evaluated in half-cell configu-

rations between 3 and 4.8 V vs.Li at a current density of 0.1mA cm�2

at room temperature and are displayed in Fig. 3(a). The cycling

curves for both materials clearly show multi-step reactions with

distinct plateaus during both the charge and discharge processes,

which correspond to a two-phase reaction mechanism. In the charge

process, the first Li-ion is extracted in two steps, �3.6 V vs. Li

(Li2.5V2
3+/4+(PO4)3) and�3.7 V vs. Li (Li2V2

3+/4+(PO4)3), which is due

to the presence of an ordered phase of Li2V2(PO4)3. Then, the second

Li+ ion is extracted in the single long distinct plateau region at�4.1 V

vs. to form Li1V2
4+(PO4)3, which preserves the monoclinic symmetry

of the lattice.22 The three plateau regions mentioned above corre-

spond to the removal of two Li+ ions in total and are associated with

the V3+/V4+ redox couple. The third and final Li-ion is extracted at

�4.55 V vs. Li to form Li0V2(PO4)3, in which transition metal V is in

a mixed valance state of V4+ and V5+. On the other hand, during

discharge, the curves exhibit a three step process at �3.55, �3.6 and

�4 V vs. Li, corresponding to the reversible re-insertion of all three

extracted Li-ions. The first step consists of the reinsertion of two

Li-ions with a monotonous curve, which exhibits the electrochemical

signature of solid-solution behavior.22,23 The two electrochemical

plateaus following the monotonous curve correspond to the rein-

sertion of the last Li-ions in the second step, exhibiting the
6558 | J. Mater. Chem., 2012, 22, 6556–6560
characteristics of two-phase behavior according to the following

equilibrium Li2V2(PO4)3/ Li2.5V2(PO4)3/ Li3V2(PO4)3. The half-

cells displayed discharge capacities of 153 (2.33mole lithium) and 182

(2.77 mole lithium) mA h g�1 for Li3V(PO4)3 and

C-Li3V1.98Al0.02(PO4)3, respectively. On the other hand, charge

capacities of 182 and 218mAh g�1 were recorded for Li3V(PO4)3 and

C-Li3V1.98Al0.02(PO4)3 under the same conditions, respectively. A

small irreversible capacity loss (ICL) is observed for both materials,

which is presumably due to the decomposition of the electrolyte

solution.24 Nevertheless, an improvement in the capacity profile is

apparent for C-Li3V1.98Al0.02(PO4)3 compared to that of the native

compound and this is mainly because of the carbon coating and Al3+

substitution. It is well known that the source material for carbon is

very important to utilize the NASICON material via improving the

conducting properties. In the present case, adipic acid was used as the

source material and, during the calcination procedure, it was

decomposed and efficiently formed a thin layer of carbon on the

surface of the particulates, which improves the electronic conductivity

and subsequently enhances the electrochemical properties. The

improvement in conductivity profiles has been clearly evident from

the a.c. impedance measurements (Fig. S2†). A similar improvement

of the electrochemical performance was also observed in our previous

studies of other polyanion framework materials, such as phospho-

olivines,25–27 silicates28,29 and borates30 prepared by either the solid-

state or sol–gel technique. Apart from the conductivity improvement,

the presence of carboxyl groups in adipic acid, which is a dicarboxylic

acid, efficiently prevents particle growth during synthesis, irrespective

of the procedure adopted, as confirmed by the SEM pictures.31

The cycling profiles of the pristine and C-Li3V1.98Al0.02(PO4)3
materials are given in Fig. 3(b). Capacity fading was observed during

cycling for both materials with a huge difference in the values. There

are several possible reasons for such capacity fading during cycling,

for instance vanadium dissolution in the electrolyte solution is

unavoidable at high voltage charging of 4.8 V vs. Li (>4.3 V vs. Li),7
This journal is ª The Royal Society of Chemistry 2012
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vanadium oxides generally show poor compatibility with linear

carbonates, predominantly with VO6 building blocks,32 and the

intrinsic nature of the polyanion framework materials.1 The cells

displayed discharge capacities of 115 and 152 mA h g�1 at the 40th

cycle for the pristine and C-Li3V1.98Al0.02(PO4)3 materials, respec-

tively, and retained 75 and 84% of their initial discharge capacities.

The improvement in the capacity is mainly due to the structural

stabilization afforded by Al3+ substitution and conductivity

enhancement through the carbonization of adipic acid. The cycling

profile of C-Li3V1.98Al0.02(PO4)3 extended up to 100 cycles and dis-

played 74% of the initial capacity, which is �70% of the theoretical

capacity. Similar improvements were observed by the other

researchers, either by vanadium substitution or carbon coating or

both, for example Li3V1.8Cr0.2(PO4)3/C showed �80% capacity

retention after 100 cycles, however, its initial discharge capacity

(�170mA h g�1) is quite low at 0.2 C rate between 3 and 4.8 V vs.Li.

Co doped Li3V1.85Co0.15(PO4)3 exhibited a discharge capacity of

�165 mA h g�1 at 0.1 C between 3 and 4.8 V vs. Li with �73%

capacity retention after 50 cycles. The results obtained in the present

study are comparable to or better than those of previous works and,

further, most of the results published on these materials involve the

extraction of only two moles of lithium (up to 4.3 V vs. Li) to achieve

stable performance with compromising capacity. With the intention
Fig. 4 (a) Rate capability studies of Li/Li3V2(PO4)3 and Li/C-

Li3V1.98Al0.02(PO4)3 cells cycled between 3 and 4.8 V with different

current rates, (b) cycling performance of Li/C-Li3V1.98Al0.02(PO4)3 cell at

20 C, and (c) plot of discharge capacity vs. cycle number at 25 and 50 �C.

This journal is ª The Royal Society of Chemistry 2012
of studying the effect of the carbon coating and Al3+ doping under

high current conditions, rate performance studies were conducted at

rates of up to 20 C and the results are presented in Fig. 4(a). The

C-Li3V1.98Al0.02(PO4)3 powder showed discharge capacities of 187,

173, 167, 149, 140 and 119 mA h g�1 at 0.1, 0.5, 1, 5, 10 and 20 C

rates, respectively, whereas the pristine material exhibited discharge

capacities of 155, 141, 113, 68, 54 and 37 mA h g�1 under the same

conditions. It can be seen that the discharge capacity tends to

decrease with increasing current rate. The decrease in the capacity

profiles is expected since, at high current rates, only the surface of the

active material participates in the reaction29 and thus provides less

capacity with an increased potential difference between the charge/

discharge curves. Further, C-Li3V1.98Al0.02(PO4)3 demonstrated an

excellent capacity profile (�120 mA h g�1) at a high current rate

(20 C) and this is one of the best results obtained so far at this current

rate. Consequently to confirm the reproducibility of the results

obtained herein for C-Li3V1.98Al0.02(PO4)3 powders, a duplicate cell

was made and studied at a high current rate of 20 C. It can be seen

from the capacity profile (Fig. 4(b)) that the above results were

reproduced in the freshly made cell with a capacity variation of

�5 mA h g�1 and no obvious fading was noted. Further, the

Li/C-Li3V1.98Al0.02(PO4)3 cell rendered 84% of the initial discharge

capacity after 100 cycles. This kind of high rate performance is one of

the basic requisites for EV and HEV applications. In addition, the

elevated temperature (50 �C) performance of the pristine and

C-Li3V1.98Al0.02(PO4)3 materials was also evaluated at 0.1 mA cm�2

and illustrated in Fig. 4(c). The excellent cycleability of the

C-Li3V1.98Al0.02(PO4)3 cathodes was observed at elevated tempera-

tures due to the Al3+ substitution. No obvious difference in the

capacity profiles was noted when compared to the room temperature

performance. It has already been proven that Al3+ can provide the

necessary thermal stability under elevated temperature conditions for

LiMn2O4.
33 The same kind of behavior is observed here through the

stabilization of the structure so as to achieve remarkable perfor-

mance. The role of the efficient carbon coating derived from the

carbonization of adipic acid, enabling the faster transportation of

electrons, cannot be excluded. This study clearly indicates that the

application of a carbon coating along with Al3+ substitution can

provide high performance 4 V Li3V2(PO4)3 cathodes for lithium

battery applications. Further studies are in progress to alleviate the

capacity fading observed during cycling.
Conclusions

A high rate Li3V2(PO4)3 cathode was prepared with Al doping and

carbon coating using the solid-state approach under optimized

conditions. The X-ray diffraction patterns confirmed the formation

of single phase monoclinic C-Li3V1.98Al0.02(PO4)3 without any

impurity traces. The presence of the carbon layer was confirmed by

Raman analysis andHR-TEM. The electrochemical performances of

the pristine and C-Li3V1.98Al0.02(PO4)3 powders were evaluated in

half-cell configurations and exhibited discharge capacities of 153 and

182 mA h g�1 between 3 and 4.8 V vs. Li at a current density of

0.1 mA cm�1, respectively. The capacity retention was found to be 75

and 84% of the initial discharge capacity for the pristine and

C-Li3V1.98Al0.02(PO4)3 materials after 40 cycles, respectively. The

C-Li3V1.98Al0.02(PO4)3 powder exhibited excellent rate performance

at 20 C with a discharge capacity of �120 (�5) mA h g�1 over 100

cycles. The elevated temperature performance was also evaluated for
J. Mater. Chem., 2012, 22, 6556–6560 | 6559
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C-Li3V1.98Al0.02(PO4)3 and presented good cycling profiles with more

or less the same capacity values as that of the room temperature

profile.
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