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a b s t r a c t

Lithium metal phosphate materials are the newest generation of active materials. With the limited number
of cathode materials available at present and the prevalence of transition metal oxide cathodes, phosphates
are able to answer the rising safety concerns surrounding the oxide chemistry. These inherent safety
limitations have until now prevented lithium ion batteries in general from entering the large format
applications markets such as electric and hybrid electric vehicles. Iron-based olivine phosphate has been
the focus of extensive research: intrinsic thermal stability and continual improvement of its performance
ithium ion
hosphate
anadium

ntercalation

characteristics have geared the industry to a fast track adoption of this chemistry for the larger format
applications. Recently developed vanadium-based phosphates possess operating voltages of 3.65 V for
Li3V2(PO4)3 and 4.05 V for LiVPO4F, both of which are higher than the iron-based phosphate. The high
power capability of Li3V2(PO4)3 makes it ideal for applications that require power; LiVPO4F on the other
hand has high energy and a desirable cycling characteristic that makes it ideal for energy-demanding
applications such as PHEV and EV. These materials are the best fit for the ever-increasing demand for
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. Introduction

With the aggressive demand for more power to satisfy emerging
arkets such as power tools, and particularly, the rapidly growing

utomotive segment, focus is being directed at the lithium ion bat-
ery to play the dominant role. With energy densities exceeding
30 Wh Kg−1 and cycle life of more than 1000 cycles, the lithium ion
hemistry stands to be the chemistry of choice. However, compared
ith traditional markets like laptops and cellular phones, new

pplications have much higher energy and power requirements.
n these large format applications, where safety is of paramount
mportance, the use of LiCoO2 and its derivatives raises serious
oncerns for developers because of inherent thermal instability.
lternatively, lithium metal phosphates have now been widely rec-
gnized as a new generation of materials that can offer the safety,
ower and energy to satisfy these fast growing large platform appli-
ations.

The coordinating ability and size of the phosphate anion enables
wide variety of structures, many with ion-conducting channels
deal for lithium conduction. Phosphate structures that have been
sed or considered for use as lithium ion cathode materials include
livine LiFePO4 [1–12] and the subjects of this paper: nasicon-
ased Li3V2(PO4)3 [13–20] and triclinic LiVPO4F [21–23]. Because
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ility that is essential in the large format arena.
© 2008 Elsevier B.V. All rights reserved.

he oxygen–phosphorus bond in a phosphate material is largely
ovalent in nature and stronger than a polar oxygen–metal bond,
hosphate cathodes have superior thermal stability and a larger

nductive effect. These cathodes tend to use redox couples with
ower valency than the oxides, which require reducing conditions to
ynthesize. The proprietary carbothermal reduction (CTR) method
eveloped by Valence Technology [4,24,25] has proven to be a par-
icularly efficient and economical way to synthesize low-valent

aterials such as the lithium iron phospho-olivine. It also works
ell for the vanadium-based phosphates, such as Li3V2(PO4)3 and

iVPO4F. In this paper we will present our recent work on these
anadium-based phosphate and fluorophosphate materials.

. Experimental

.1. Material syntheses

All starting compounds were weighed out in a ratio with the
ame stoichiometry as the final product; carbon black was added
s both a conductive and a reducing agent. This mixture was sus-
ended in acetone and ball milled. After evaporating the solvent,
he resulting mixtures were pelletized and then heated under a

owing Argon atmosphere.

Monoclinic Li3V2(PO4)3, was prepared from V2O5 (Alfa Aesar,
9.2%), LiH2PO4 (Aldrich 99%) and carbon (Super P) mixed in a
olar ratio of 1:3:3; the carbon both reduces pentavalent vanadium

o the trivalent state and leaves behind several percent residual

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:titus.faulkner@valence.com
dx.doi.org/10.1016/j.jpowsour.2008.08.024


ower Sources 189 (2009) 748–751 749

c
t
i

V

V

p
p
e
i
t
p
h

m
w
p
t
u
f
r
e
a
E
a

a
m
p
w
p
p
c
a
1
p

3

3

N
t
t
c
c

m
i
a
d
r
L
l
c
t
s
c
s
c
v
c

F
L
t

t

D

T
r
p
b
c
f
t
i
x
o
s
f
w
f
c
t
t
a
p

u
t
8
corresponding discharge voltage profiles at C/2, 5 C, 10 C, 15 C and
20 C rates, and the resulting capacity retentions. It is notable that
this cathode performs extremely well, and still retains above 80%
of its original capacity at rates as high as 20 C. With respect to the
smaller prismatic cell format, the heating that normally occurs at
H. Huang et al. / Journal of P

arbon after calcination. The mixture was heated at a tempera-
ure of 900 ◦C for 8 h. LiVPO4F was prepared via a two-step route
nvolving VPO4 and LiF. The reaction scheme is outlined below:

2O5 + 2(NH4)2HPO4 + 2C → 2VPO4 + 4NH3 + 3H2O + 2CO (1)

PO4 + LiF → LiVPO4F (2)

The precursors were intimately mixed by ball milling and then
elletized for each separate step in the reaction. To ensure com-
lete reduction of the vanadium from pentavalent to trivalent, 50%
xcess carbon was added above the stoichiometric amount implicit
n reaction (1). Precursor mixture for reaction (1) was slowly heated
o a temperature between 600 ◦C and 700 ◦C and held at that tem-
erature for a period of 4 h; precursor mixture for reaction (2) was
eated to 700 ◦C and held at that temperature for 1 h.

The fundamental electrochemical properties of the as-prepared
aterials were characterized using lithium half-cells. Electrodes
ere prepared by mixing active material, Super P carbon and
olyvinylidene fluoride copolymer (Kynar 2801, ARKEMA), where
he amount of carbon in the electrode consisted of partly the resid-
al from synthesis and a part that was added during the electrode
ormulation. These components were mixed in acetone, and the
esulting slurry was coated onto aluminum foil. After the acetone
vaporated, electrodes were pressed and punched into a disc with
n active area of 2.85 cm2 with an active loading of ∼12 mg cm−2.
lectrochemical measurements included constant current charge
nd discharge and electrochemical voltage spectroscopy (EVS).

A prismatic lithium ion cell configuration was chosen to evalu-
te the power and long-term performance characteristics of the
aterials. This consisted of a cathode with area of 15 cm2 and

olyethylene separator (Celgard 2300, Celgard LLC). Electrodes
ere fabricated by mixing active material with Super P and
olyvinylidene fluoride (PVdF, KF 7200, Elf Atochem) in N-methyl-
yrrolidone (NMP, 99% Aldrich) solution; the resulting slurry was
oated on aluminum foil. The composition of the electrode was 89%
ctive material, 7% carbon and 4% binder. Electrodes were dried at
20 ◦C under vacuum and then compressed. Graphite anodes were
repared from MCMB (Osaka Gas) with 3% conductive carbon.

. Results and discussions

.1. Nasicon-based vanadium phosphate Li3V2(PO4)3

Early work indicated that the performance of the Olivine and
asicon-based materials was limited by the relatively poor elec-

ronic conductivity of the material. Recent investigations have led
o improvements in the material utilization by the addition of a
onductive carbon layer and by use of preparative approaches that
ontrol the product morphology.

Li3V2(PO4)3 is emerging as a very attractive phosphate cathode
aterial [15,16]. Compared with the olivine iron-based phosphate,

t offers potentially 40% more energy as shown in Fig. 1. Another
ttractive property of this phosphate is its intrinsic fast ionic con-
uctivity, critical for applications requiring a high power to energy
atio. To evaluate its ionic conductivity, a prismatic Li ion cell with a
i metal electrode as a reference was constructed. Cathode formu-
ation was 86% active material, 8% carbon and 6% PVDF binder. The
ell was first cycled three times at C/5 between 2.5 V and 4.6 V and
hen fully charged to 4.6 V. The cell was tested using the galvano-
tatic intermittent titration technique (GITT) regime [29,30]. After

harging at 23 ◦C, the fully charged cell was discharged at I0 corre-
ponding to a C/25 rate for an interval � of 1 h followed by an open
ircuit stand for 5 h to allow cell voltage to relax to its steady-state
alue, Es. This procedure was repeated until the cell was fully dis-
harged to 2.5 V. The Li+ diffusion coefficient DLi was derived from
ig. 1. Energy density retentions with C/2 cycling (23 ◦C) for lithium ion cells with
i(FeMg)PO4 and Li3V2(PO4)3 cathodes. Energy density calculations are based on
he mass of the cathode active materials.

he following relationship [29,30].

Li = 4
��

×
(

mBVm

MBA

)2
×

(
�Es

�E�

)2

he discharge interval time is � (in this case 1 h); mB and MB are,
espectively, active mass used and the molecular weight of the com-
ound; Vm is its molar volume; and A is the total contact area
etween the electrolyte and the electrode. �Es and �E� are the
hanges in cathode voltages, the former is the steady-state voltage
or a stand time of given duration, in this case 5 h, and the latter is
he total transient voltage change for a time duration of discharge
nterval � (1 h). Vm is a function of x in LixV2(PO4)3, and its values at
= 0, 1, 2 and 3 have been reported previously [20]. Literature meth-
ds for determining parameter A use either the geometric electrode
urface area; or an approximation of the actual surface area derived
rom BET measurements or some other means [30]. In this paper
e have chosen to use the geometric surface area of the electrode

or this purpose. In Fig. 2, DLi is shown as a function of the discharge
apacity. These measurements confirm the fast ionic character of
he lithium vanadium phosphate electrode, with values for DLi on
he order of 10−9 cm s−1, which is among the highest measured for
ny cathode. This is a very valuable characteristic in fast rate and
ower applications.

The rate dependent capability of Li3V2(PO4)3 cathode was eval-
ated in a prismatic Li ion cell at different rates ranging from C/2 up
o 20 C and is presented in Fig. 3. Electrode formulation contained
8% active, 8% carbon and 4% PVDF binder. The data include the rate
Fig. 2. Variation of DLi as a function of cell capacity for Li3V2(PO4)3.



750 H. Huang et al. / Journal of Power Sources 189 (2009) 748–751

F
c
l

h
W
r
m
f

3

a

F
g
t

c
L
i
t
T
c
o
d
t
t
t
p
r
h

ig. 3. Discharge voltage profiles (a) and rate capacity retention (b) at different dis-
harge rates for a prismatic Li ion cell with Li3V2(PO4)3 cathode (cathode active
oading: 7.5 mg cm−2; rate: C/2; 23 ◦C).

igh discharge rates and greatly assists cell performance is absent.
e are herein measuring the true intrinsic capability of the mate-

ial. With the best rate and power capability among all phosphate
aterials studied to date, this chemistry promises to be an ideal fit

or HEVs and particularly PHEVs.
.2. Lithium vanadium fluorophosphate: LiVPO4F

The extraction of lithium from LiVPO4F relies upon the oxidation
nd reduction of the V3+/V4+ couple. Fig. 4(a) shows the EVS first

i

a
a

Fig. 4. EVS data for a graphite/LiVPO4F cell cycled between 3 V an
ig. 5. Comparative voltage profiles for graphite/LiVPO4F, graphite/LiCoO2 and
raphite/LiFe[Mg]PO4. The data was collected at an approximate C/8 rate. The elec-
rolyte used in all iterations comprised 1 M LiPF6 in EC:DMC (2:1) by weight.

ycle data for Li/LiVPO4F cell. The cathode was formulated with 82%
VPF, 8% carbon and 10% PVDF binder. Reversible specific capac-
ty was close to its theoretical value of 155 mAh g−1; the voltage
race also confirmed the system’s very low level of polarization.
his performance is a significant improvement over our past publi-
ations [31,32] and is the result of the improvements realized from
ptimization of the preparative conditions. Fig. 4(b) depicts the
ifferential capacity plot for the Li/LiVPO4F system, which reveals
he presence of two closely spaced peaks during charge. This in
urn is associated with Li extraction from two inequivalent crys-
allographic sites. In contrast, the discharge step exhibits a single
eak consistent with a two-phase behavior. This electrochemical
esponse recorded during the initial EVS cycle persists over several
undred cycles and may be considered characteristic of the lithium
nsertion reactions.
In Fig. 5, we compare the voltage profiles of graphite//LiVPO4F

nd graphite//LiCoO2 using identical anodes with similar loading
nd mass balance. The reversible specific capacities of the two

d 4.5 V. (a) EVS voltage profile. (b) EVS differential capacity.
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Fig. 6. Lifetime cycling of a graphite/L

ctive materials were determined to be similar, i.e. 129 mAh g−1

nd 132 mAh g−1 for the LiVPO4F and LiCoO2, respectively. By com-
arison, the vanadium fluorophosphate offers not only a flatter
oltage profile but also an average voltage that is 0.3 V higher
han the comparable LiCoO2 and 0.8 V higher than the iron-based
hosphate. In addition to these fundamental differences, safety
onsiderations are of paramount importance in establishing that
iVPO4F would be a viable alternative to the oxide especially in the
arge format applications. Based on the similarity of the M–O–P
onding to for example olivine LiFePO4, we would expect LiVPO4F
o offer substantially better safety characteristics than cobalt
xide.

In Fig. 6, we demonstrate the long-term performance of the
raphite//LiVPO4F lithium ion system at a C/2 cycling rate. The
ycling performance confirms that the LiVPO4F system offers good
ong-term stability with comparatively low fade characteristics.
his is comparable to similar lithium ion battery testing using com-
ercial grade LiCoO2.

. Conclusions

In seeking the goal of higher energy and higher power density
or large-format batteries while still maintaining a high degree of
afety, phosphate cathodes are the candidates of choice. Olivine
i(FeMg)PO4 has already proven its usefulness in commercial
ells; new vanadium-based phosphates hold out the promise
f more energy and higher power while still maintaining the
hosphate safety edge. The unique properties of Li3V2(PO4)3 in
articular are its excellent rate capability and a high operat-

ng voltage of 3.65 V: it is a good candidate for applications
equiring power capability. The fluorophosphate LiVPO4F with its
ombination of a 4.05-V operating voltage and desirable cycling

haracteristics is a viable contender for high-energy applications
n the PHEV and EV markets. For large format and automotive
pplications where safety is paramount, the intrinsic safety char-
cteristics of both phosphate materials add considerably to their
iability.
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