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a  b  s  t  r  a  c  t

The  kinetic  properties  of Li  insertion  in  NASICON-type  Li3V2(PO4)3 cathodes  were  enhanced  substan-
tially  by  Al3+ and  Cl− multivalent  substitutions  of  various  concentrations.  Pristine  and  carbon  coated,
Al-doped  Li3V2(PO4)3 were  also  prepared  by a conventional  solid-state  approach  under  optimized  con-
ditions.  Samples  phase  purity  was  investigated  through  X-ray  diffractometry.  Li insertion  was studied  in
eywords:
i-ion batteries
ASICON-type Li3V2(PO4)3

nion doping

half-cells  at  3-4.8 V  vs. Li  for the  removal  of  3 mol  of  Li.  Carbon-coated  Li3V1.98Al0.02(PO4)2.99Cl0.01 showed
the  highest  reversible  insertion  of 2.71  mol  of  Li  (178  mAh  g−1) at a current  density  of 0.2  mA  cm−2. It
showed  a capacity  retention  of  over  80%  after  100  cycles.  Cl− substitution  led to improved  performance
under  harsh  conditions  of  15  C rate  and  high  temperature  (50 ◦C).  The  enhancement  of  Li  ion  kinetics
was  demonstrated  through  cyclic  voltammetry  in a two-electrode  configuration  and  electrochemical

 confi
arbon coating impedance  spectroscopy

. Introduction

Since the discovery of Li ions reversible insertion and extraction
n LiFePO4 polyanionic frameworks [1] much work has sought to
evelop high-performance, Li-ion cells containing (PO)4

3− based
lectrodes [2–4]. (PO)4

3− can increase thermal stability because
trong P O bonds are present in both the lithiated and the de-
ithiated states and inductive effects of such anion lead to very flat
harge–discharge profiles [2,5–7].  Several polyanionic frameworks,
uch as LiMnPO4, LiCoPO4, Li3V2(PO4)3, and LiTi2(PO4)3, have been
xplored as possible electrodes for Li-ion batteries (LIB) [2,7–11].
imilarly, (PO)4

3− based fluorophosphates have also been investi-
ated as prospective electrodes for LIBs for example LiVPO4F [12],
i5V(PO4)2F2 [13], LiFePO4F [14], LiTiPO4F [15], Li2CoPO4F [16],
i2MnPO4F [17] Li2FePO4F and Na2FePO4F [18].

Li3V2(PO4)3 is a promising cathode material for lithium bat-
ery. It shows a high theoretical capacity of ∼197 mAh  g−1 for the
emoval of 3 mol  of lithium and high thermal and electrochem-

cal stabilities. It is simple and inexpensive to prepare and can
perate at high potentials [7]. However, distorted arrangements
f VO6 octahedral units in the NASICON structure provide inherent
onducting properties. To overcome this issue carbon coating and

∗ Corresponding author. Tel.: +82 62 530 1904; fax: +82 62 530 1909.
E-mail addresses: aravind van@yahoo.com (V. Aravindan), leeys@chonnam.ac.kr

Y.S. Lee).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.02.118
rmed  the  enhanced  conductivity.
© 2013 Elsevier Ltd. All rights reserved.

doping at vanadium sites are attempted and improvement in the
electrochemical properties of Li3V2(PO4)3 have resulted [6].  The
removal of the third Li ion in monoclinic Li3V2(PO4)3 destroys the
structure, leading to severe capacity fading during charging and dis-
charging. Therefore, most research has been limited to the removal
of only 2 mol  of lithium (theoretical capacity ∼132 mAh g−1) from
the matrix to allow stable cycling [13]. Monoclinic Li3V2(PO4)3 can
exhibit good electrochemical properties through carbon coating or
vanadium site doping; though the removal of 2 or 3 mol  of Li is
kinetically slow, which makes achieving the theoretical capacity
difficult. Improved Li-ion kinetics is necessary to achieve high-
performance electrodes in practical cells.

Irrespective of the structure, (PO)4
3− based materials gener-

ally exhibit poor conductivity and hence less work has attempted
to increase inherent conductivity by modifying anion sites. Kang
and Ceder [19] demonstrated that oxygen-deficient, olivine-phase
LiFePO4 (LiFe0.9P0.95O4−ı) showed ultrafast charge–discharge capa-
bilities and improved Li insertion kinetics. Lee et al. [20] reported
sulfur-substituted, olivine-phase LiFePO4 (LiFePO3.98S0.03) with
enhanced performance at high temperatures of 50 and 60 ◦C. Pan
et al. [21] reported fluorine-substituted, carbon-coated, olivine
phosphate (C-LiFe(PO4)0.85F0.15) with improved high-current and
kinetic properties. Goodenough and co-workers [22] reported the
improved charge-transfer kinetics of LiFePO4 by anion site mod-

ifications with sulfur and nitrogen via density functional theory
(DFT) calculations. Zhong et al. [23] demonstrated that the fluorine
doping of oxygen sites in Li3V2(PO4)3 material (Li3V2(PO4)2.9F0.1)
improved Li insertion properties.

dx.doi.org/10.1016/j.electacta.2013.02.118
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:aravind_van@yahoo.com
mailto:leeys@chonnam.ac.kr
dx.doi.org/10.1016/j.electacta.2013.02.118
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Chlorine doping can also improve the electronic properties of
iFePO4 by perfectly replacing oxygen in the tetraheldral sites
24]. This has been confirmed through DFT calculations by Dinh
t al. [25]. Sun et al. [26] demonstrated C-LiFePO4 cathodes with
mproved electrochemical properties and improved Li insertion
inetics under harsh conditions (20 C) through chlorine doping.
an et al. [24] produced chlorine doping on anion sites along with
arbon coating for Li3V2(PO4)3 and found the improved electro-
hemical properties for the removal of 2 mol  of Li.

The influence of Cl− substitution in the anion sites of NASICON-
ype Li3V2(PO4)3 for the removal of 3 mol  of Li has not yet been
tudied. Hence, this work reports the removal of 3 mol  of Li by the
ubstitution of Al3+ and Cl− in vanadium and anion sites, respec-
ively, along with carbon coating. Further, this work draws on
revious work reporting the optimization of Al3+ doping and carbon
oating. C-Li3V1.98Al0.02(PO4)3 was chosen for Cl− substitution [9].
t is well known that, vanadium site doping enhances ionic conduc-
ivity whereas carbon coating improves the electronic conductivity
f NASICON-type Li3V2(PO4)3. Here, the effects of Cl− concentration
n the electrochemical properties of C-Li3V1.98Al0.02(PO4)3−xClx
x = 0.01, 0.03 and 0.05) are reported for the first time.

. Experimental

Al3+ and Cl− substituted NASICON-type Li3V2(PO4)3 mate-
ials were prepared by a solid-state approach. All chemicals
ere of analytical grade and used without further purification.
riefly, stoichiometric amounts of Li2CO3 (Wako, Japan), V2O5
Sigma–Aldrich, USA), Al(OH)3 (Sigma–Aldrich, USA), (NH4)2HPO4
Sigma–Aldrich, USA) and adipic acid (Sigma–Aldrich, USA) were
nely ground in an agate mortar and calcined at 300 ◦C for 4 h to
liminate ammonium and hydroxyl moieties. Then the interme-
iate product was thoroughly ground and formed into a pellet,
hich was sintered at 900 ◦C for 8 h under an Ar flow to yield

ingle-phase, carbon-coated Li3V1.98Al0.02(PO4)3 (hereafter abbre-
iated as C-Li3V1.98Al0.02(PO4)3). Chlorine-substituted samples
C-Li3V1.98Al0.02(PO4)3−xClx, x = 0.01, 0.03 and 0.05) were similarly
repared using appropriate amounts of NH4Cl (Sigma–Aldrich,
SA). Structural properties were analyzed by X-ray diffraction
easurements (Rint 1000, Rigaku, Japan) equipped with CuK� radi-

tion. Powders surface morphologies were studied by scanning
lectron microscopy (FE-SEM, S4700, Hitachi, Japan) and trans-
ission electron microscopy (TEM, TECNAI, Philips, Netherlands).

tandard CR2032 coin cells were assembled for the evaluation of
he electrochemical properties of the materials. Test electrodes
ere formulated with 20 mg  active material, 3 mg  Ketzen black and

 mg  conductive binder (Teflonized acetylene black, TAB-2). They
ere pressed on a 200 mm2 area stainless steel mesh, which served

s the current collector, and dried at 160 ◦C for 4 h in a vacuum oven.
oin-cells were assembled in an Ar-filled glove box. Test cells were
onstructed with composite cathode, metallic lithium anode and
orous polypropylene film separator (Celgard 3401, USA) with an
lectrolyte of 1 M LiPF6 in ethylene carbonate (EC)/dimethyl car-
onate (DMC, 1:1 by vol., Techno Semichem Co., Ltd., Korea). Cyclic
oltammetry (CV) and electrochemical impedance spectroscopic
EIS) studies were conducted by two-electrode setup using a Bio-
ogic electrochemical work station (SP-150, Biologic, France), in
hich metallic lithium acts as both working and counter electrode.
alvanostatic charge–discharge testing was conducted between 3
nd 4.8 V vs. Li at a current density of 0.2 mA  cm−2 at ambient and
levated temperatures.
. Results and discussion

Fig. 1(a) shows the typical powder X-ray diffraction (XRD)
attern of NASICON type Li3V2(PO4)3 powders. The observed
Fig. 1. (a) X-ray diffraction patterns of Li3V2(PO4)3 and C-Li3V1.98Al0.02(PO4)3−xClx
(x = 0.01, 0.03, and 0.05) materials, and (b) Rietveld analysis result of C-
Li3V1.98Al0.02(PO4)2.99Cl0.01.

XRD reflection clearly indicates the formation of single phase
compounds without any impurity traces and it belongs to mon-
oclinic structure with P21/n space group [7].  The substitution
of Al3+ and Cl− in vanadium and oxygen sites did not affect
the formation of a single phase and this is probably due to the
concentration of both Al3+ and Cl− is found too low to induce the
structural change. The presence of Cl− ions in the compounds was
confirmed though EDAX analysis (Figure S1). Rietveld analysis
also showed that the C-Li3V1.98Al0.02(PO4)2.99Cl0.01 structure
comprised three-dimensional frameworks of VO6 octahedral units
and PO4 tetrahedral units sharing oxygen vertices (Fig. 1(b)). Each
VO6 octahedral unit was  surrounded by six PO4 tetrahedral units;
each tetrahedral unit was  surrounded by four VO6 octahedral
units [7].  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 [27]. Such an arrangement gives inferior conductivity;
hence carbon coating was employed along with substitutions at
vanadium and oxygen sites. There is no big difference compared
with C-Li3V1.98Al0.02(PO4)3 material in crystallographic aspect
during Cl− substitution. However, reduction in lattice parameter
values describes the Al3+ doping and further increase in values

−
corresponds to the substitution of Cl in O atom positions which
is clearly evident from Table 1 and Figure S2 [22,26].

Half cells were tested to assess cycling during the removal of
3 mol  of lithium. Cells were cycled at 3.0-4.8 V vs. Li at a constant



212 J.N. Son et al. / Electrochimica Acta 97 (2013) 210– 215

Table  1
Lattice parameter values of selected NASICON type compounds.

Li3V2(PO4)3 C-Li3V1.98Al0.02(PO4)3 C-Li3V1.98Al0.02(PO4)2.99Cl0.01

a (Å) 8.6160 8.59654(8) 8.5996 (8)
b  (Å) 8.5947 8.58481(7) 8.5862 (8)
c  (Å) 12.0420 12.02725(10) 12.0302 (11)
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urrent density of 0.2 mA  cm−2 at room temperature. All the
amples charge and discharge curves show evidence of multi-step
eactions during Li extraction and insertion (Fig. 2), corresponding
o two-phase reactions. During charging, the two-step extraction
f the first Li (1 mol  of Li) occurred at ∼3.6 V (Li2.5V2(PO4)3) and
3.7 V vs. Li (Li2V2(PO4)3) and led to the formation of a more
rdered phase of Li2V2(PO4)3. Removal of the second Li (totally

 mol  of Li) occurred at ∼4.1 V vs. Li with a long distinct plateau;
he resulting LiV2(PO4)3 preserved the monoclinic symmetry of
he lattice [28–30].  The above three distinct plateau regions corre-
pond to the removal of first 2 mol  of Li and are associated with the
3+/V4+ redox couple. Extraction of the final third Li (totally 3 mol  of
i) occurred at ∼4.55 V vs. Li to form de-lithiated Li0V2(PO4)3, com-
rising a mixture of valance states V4+ and V5+. During discharging,
eversible Li insertion occurred at ∼3.55 V vs. Li; a monotonic
urve followed by two distinct plateaus at ∼3.6 and ∼4 V vs. Li
esulted, corresponding to the 3 mol  of Li. The long monotonic
urve indicates the reversible insertion of 2 mol  of Li, such a curve
s generally associated with the formation of a solid solution. The
wo short and flat discharge curves followed by a monotonic curve
orrespond to the re-insertion of the third Li with a bi-phase mech-
nism: Li2V2(PO4)3 → Li2.5V2(PO4)3 → Li3V2(PO4)3. Cells based on
i3V2(PO4)3, C-Li3V1.98Al0.02(PO4)3, C-Li3V1.98Al0.02(PO4)2.99Cl0.01,
-Li3V1.98Al0.02(PO4)2.97Cl0.03 and C-Li3V1.98Al0.02(PO4)2.95Cl0.05
elivered reversible capacities of 159 (2.42 mol  of Li), 172 (2.62 mol
f Li), 178 (2.71 mol  of Li), 176 (2.68 mol  of Li) and 173 (2.63 mol
f Li) mAh  g−1, respectively. All cases showed some irreversible
apacity loss; particularly the pristine compound, due to its
nherent conducting behavior and its high operating potential,

hich was greater than the safe operation limit of conventional
arbonate-based electrolytes (>4.6 V vs. Li) [31]. Initial reversible
apacity loss was less in the Cl− substituted compounds than in the
ristine and the C-Li V Al (PO ) materials. 0.01 mol  Cl− sub-
3 1.98 0.02 4 3
titution resulted in the best cell performance. Its higher reversible
apacity was attributed mainly to better kinetic properties during
i insertion and extraction, due to the Al3+ and Cl− substitutions,
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ig. 2. Typical galvanostatic charge–discharge curves of NASICON-type materials in
alf-cell configurations and cycled between 3 and 4.8 V vs. Li at a constant current
ensity of 0.2 mA  cm−2 at ambient temperature.
Fig. 3. Reversible capacity vs. cycle number for NASICON-type materials cycled
between 3 and 4.8 V vs. Li at a constant current density of 0.2 mA cm−2 at ambient
temperature.

which improved electronic conductivity. At higher concentration
of Cl− substitution (beyond 0.01 mol) provides the formation of
Cl− clusters over the surface results poor performance than least
concentration.

Galvanostatic charge and discharge test was extended to 100
cycles under the same condition to study the samples cycling
stability with respect to Cl− concentration (Fig. 3). All the com-
pounds showed capacity fading during cycling. This was  attributed
to the destruction of the crystal structure during the removal
of the third mole of Li – hence most reported work has only
attempted the removal of 2 mol  of Li by restricting the upper cut-
off potential to 4.3 V vs. Li. Capacity fading was believed of such
phases due to the poor compatibility of vanadium compounds
toward linear carbonates [32], vanadium dissolution [33] and the
use of an extended potential range (upper cut-off potential 4.8 V
vs. Li) higher than the thermodynamical stability of conventional
electrolytes (∼4.6 V vs. Li), resulting in the decomposition of the
electrolyte [31]. In the second cycle, all the cathodes showed
increased reversible capacity except the native compound. Capac-
ity retentions, calculated from the second cycle onwards, were
70, 77, 80, 80 and 81% for Li3V2(PO4)3, C-Li3V1.98Al0.02(PO4)3,
C-Li3V1.98Al0.02(PO4)2.99Cl0.01, C-Li3V1.98Al0.02(PO4)2.97Cl0.03 and
C-Li3V1.98Al0.02(PO4)2.95Cl0.05, respectively. This demonstrates that
anion site Cl− doping in Li3V1.98Al0.02(PO4)3 provided higher
reversible capacity with improved capacity retention. (PO)4

3−

based polyanions hinder Li ions kinetics during charging and dis-
charging, though the substitution of a small amount of Cl− in
oxygen sites was  shown here to remedy the poor kinetics.

To understand the Li-ion kinetics during electrochemical
charge/discharge process, a cyclic voltammetry studies (CV) were
conducted and presented in Fig. 4. Only selective samples were
subjected for CV analysis. It is obvious to notice the presence of
very sharp intense peaks at ∼3.64, ∼3.72 and ∼4.14 V vs. Li for all
the three compositions tested which is associated for oxidation
of V3+ to V4+ for the removal of 2 mol  of Li. Another peak poten-
tial at ∼4.57 V vs. Li corresponds to the partial oxidation of V4+ to
V5+ to form de-lithiated phase. Similarly, during discharge process,
oxidation peak potentials at ∼4.14 and ∼4.57 V vs. Li are merged
together and appeared as broad peak at ∼3.99 V vs. Li. This broad
peak is the indication of formation of the solid-solution and associ-
ated with the reversible insertion of 2 mol of Li [30]. The less intense
sharp peak potentials at ∼3.61 and ∼3.5 V vs. Li related to the inser-

tion of 1 mol  of Li. The sharp peak potentials are ascribed to the
two-phase reaction mechanism and broad peak potential is due to
the single phase reaction/formation of solid-solution. The observed
peaks are consistent with the galvanostatic charge/discharge
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are consistent with the theoretical predictions by Dinh et al. [25].
C-Li3V1.98Al0.02(PO4)2.99Cl0.01 powder was observed by scan-

ning electron microscopy (Fig. 7). It comprised highly aggregated,
irregular particles, which emerged during solid-state reactions for
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i3V1.98Al0.02(PO4)2.99Cl0.01 in two-electrode half-cell configurations cycled between
 and 4.8 V vs. Li at slow scan rate of 0.1 mV s−1. Metallic lithium was  used as both
ounter and reference electrodes.

urves. Variation in the peak currents are noted for Li3V2(PO4)3,
-Li3V1.98Al0.02(PO4)3 and C-Li3V1.98Al0.02(PO4)2.99Cl0.01 cathodes,
lthough all three test electrodes are formulated with same amount
f mass loadings (20 mg). Very high peak current is noticed for C-
i3V1.98Al0.02(PO4)2.99Cl0.01 compared to rest of the two electrodes,
hich is mainly due to the improved Li-ion kinetics by Cl− substi-

ution during oxidation and reduction process. Previously, we had
eported that the increase in Li-ion kinetics is enabled by vanadium
ite (Al3+) substitution and carbon coating (C-Li3V1.98Al0.02(PO4)3),
hich is clearly evident from the increase in peak current [9].  After

he Cl− substitution on oxygen sites drastically improves the peak
urrent and small shifting of insertion potential toward higher volt-
ge are observed which clearly reveal the enhanced Li-ion kinetic
roperties.

For high-power Li-ion cells to be used in electric vehicles, they
ust be able to provide high current performance at elevated tem-

eratures [34]. Al3+ doped cathodes have previously shown suit-
bility for such cells, particularly at elevated temperatures of 50 ◦C
9]. Half-cell configurations were assembled using Li3V2(PO4)3,
-Li3V1.98Al0.02(PO4)3 and C-Li3V1.98Al0.02(PO4)2.99Cl0.01 and then
ycled (Fig. 5(a)). Except during the initial cycles, the cell
ith C-Li3V1.98Al0.02(PO4)2.99Cl0.01 delivered better Li insertion

haracteristics than C-Li3V1.98Al0.02(PO4)3 at high temperature.
owever, specific capacity values are increased after certain
ycle which is due to the slower participation of the active
aterial in the electrochemical reaction in such high amount

f mass loading (20 mg). Here, 200 mAh  g−1 is assumed as 1 C.
i-ion cells for electric vehicles must show high rate perform-
nces, therefore two cells were subjected for high-current testing.
eversible capacity decreased during prolonged cycling. After 100
ycles, Li/Li3V1.98Al0.02(PO4)2.99Cl0.01 half-cell delivered excellent
eversible capacities of 143 and 103 mAh  g−1 at 0.05 and 15 C rates,
espectively.

To validate the influence of Cl− substitution on the electronic
onductivity profiles of NASICON type Li3V2(PO4)3 compounds,
n electrochemical impedance spectroscopy (EIS) was recorded
nd presented in Fig. 6. The EIS traces contains three important
arts, among them appearance of high frequency semicircle
egion is attributed to the solid electrolyte interface (SEI) film
ormation and/or contact resistance, the medium frequency region

s associated with charge-transfer (CT) impedance across elec-
rode/electrolyte interface, and 45◦ inclined vertical tails indicates
he lithium diffusion kinetics toward the electrodes called as War-
urg resistance [35]. Intercept at the Zreal axis in high frequency
3  and 4.8 V vs. Li at a constant current density of 0.2 mA cm−2 at 50 ◦C. (b) Discharge
capacity vs. cycle number of a Li/C-Li3V1.98Al0.02(PO4)2.99Cl0.01 cells tested between
3  and 4.8 V vs. Li at various current rates at ambient temperature.

region corresponds to the ohmic resistance (Rs), which includes the
total resistance of the electrolyte solution (1 M LiPF6 in EC/DMC),
separator and electrical contacts. The direct measurement of
charge transfer (CT) impedance is mainly due to the electronic
conducting properties of the any active material. It is obvious
to notice that the diameter of semicircle in medium-frequency
region for NASICON type materials are decreased (CT resistance)
after the carbon coating and Al3+ doping on vanadium site. The Cl−

substitution on oxygen sites leads to the further reduction in CT
resistance value which is evidently seen in Fig. 6. This EIS spectra
clearly indicate that anion site doping effectively contribute to the
increase in electronic conductivity of the materials and thereby
improving Li-ion kinetics during electrochemical charge–discharge
process. The observed increases in electronic conductivity profiles
Z'( )

Fig. 6. Electrochemical impedance spectra (EIS) of NASICON-type powders recorded
in  two-electrode, coin-cell configurations.
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Fig. 7. Scanning electron microscopic images of C-Li3V1.98Al0.02(PO4)2.99Cl0.01 pow-
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les carbon coating layers, of ∼10 nm thickness, were observed
y high-resolution transmission election microscopy (HR-TEM,

nset Fig. 7). The carbon layers were obtained in situ from the
arbonization of adipic acid during synthesis under an inert
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. Conclusion

The kinetics of Li-ion insertion was enhanced in carbon-coated,
ASICON-type Li3V1.98Al0.02(PO4)3 materials by Cl− substitution in
xygen sites. Phase purity and the carbon coating layer (∼10 nm
hickness) were confirmed through X-ray diffractometry and
igh-resolution transmission electron microscopy, respectively.
alvanostatic charging and discharging testing of Li insertion
howed that carbon-coated Li3V1.98Al0.02(PO4)2.99Cl0.01 delivered a
aximum reversible capacity of 178 mAh  g−1 at a current density of

.2 mA  cm−2. Good capacity retention over 100 cycles was  observed
n the Cl− substituted materials compared with pristine and Al3+

oped samples. The carbon-coated Li3V1.98Al0.02(PO4)2.99Cl0.01 pre-
ented excellent cell performances under harsh conditions and
levated temperatures. These results demonstrate that Cl− sub-
titution in polyanionic frameworks can improve Li-ion kinetics
nd thereby improve battery performance. This approach could be
xtended to other polyanionic framework materials and could find
pplicability in the fabrication of high performance Li-ion power
acks.
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