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Abstract

The electroactive lithium vanadium fluorophosphate phase, LiP@®1, a= 5.1687(2)&, b= 5.3062(2)&, c= 7.5031(3)&, a=
66.856(2), B=67.004(2), y=81.583(2) and cell volume = 174.21(15)3) has been synthesized by a two-step reaction scheme based on
a carbothermal reduction (CTR) process. High-resolution electrochemical measurements reveal a structured voltage response for the lithiu
extraction process while the lithium insertion process proceeds via a two-phase reaction mechanism centered at around 4.2V versus L
Performance evaluation of a graphijtéVPO4F lithium-ion cell indicates an average discharge voltage of 4.06 V coupled to an initial material
utilization for the LiVPQF of around 123 mAhg'. Long-term cycling of this lithium-ion system demonstrates good capacity retention over the
first 300 cycles. Based on the available data we believe the Li¥Pfers considerable promise as a viable cathode replacement for LiCoO
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction LiFePQy-OH, crystallizing with a triclinic structure (space
groupP1)[3,4]. In this communication we report on the elec-
Framework phosphate materials such as LiFeRPand  trochemical performance characteristics of a representative
LigV2(PQs)s [2] have been identified as potential electroac- compound from this general series, the lithium vanadium flu-
tive materials for lithium ion battery applications. We re- orophosphate, LiVPgF. In particular we evaluate the prop-
cently reported the preliminary electrochemical evaluation of erties of this phase in a lithium-ion configuration, where it is

a series of novel fluorophosphate phases represented by theapacity matched with a crystalline graphite anode material.
general formula LIMPQF, where M represents a 3d transi-

tion metal[3-5]. Of particular interest is the effect of struc-

tural fluorine on the insertion properties of these polyanion 2. Experimental

compound$5]. In general the occurrence of fluorophosphate ] o

phases is considered quite rare, although a few examples have  The LiIVPOsF samples used in this study were all prepared
been reported previouslif]. Related compounds include USINg the carbother_mallreducuo.n (CTR) metfﬁ@ﬂ,l?}] us-
KAIPO4F [7], NHsFePQF [8] and NaMa(POs),F3 (Where ing VPO, as a reaction intermediate. The precise CTR reac-
M=Al, V, Cr, Fe, Ga)[9], as well as the known minerals tion co_nditio_n_s for the VP@preparation were determineq by
lacroixite NaAIPQF [10], montebrasite LiAl(PG)(OH,F) a semi-empirical approach based on the thermodynamic (free
[10] and ambylgonite (Li,Na)AIPQOH,F) [11]. X-ray energy—temperature relation) requirements for# ¢ 3+

diffraction studies indicate that the LIMR® compounds are  transition[13]. Since these reductive copditions were found
iso-structural with the naturally occurring mineral tavorite, {0 favor the G CO carbothermal reaction mechanism, the

VPO, preparative reaction scheme may be summarized:
e 0.5V205 + (NH4)2HPO, + C
* Corresponding author.
E-mail addressjerry.barker@valence.com (J. Barker). — VPOs4+2.0NH3+1.5H,0 + CO D
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doi:10.1016/j.jpowsour.2005.03.126



J. Barker et al. / Journal of Power Sources 146 (2005) 516-520 517

The precursors — ¥0s (Alfa-Aesar), (NH;)2HPO, (Alfa- LivPodF 10-20 Hist 1
Aesar) and high surface area carbon —were intimately mixed '-a”‘b‘,ja 1-5}406 ﬁs '—'3|3 cycle 1 97 : Ob?d. aqd Diff‘. Profliles
and then pelletized. To ensure complete vanadium reductionm 2 i
and the presence of residual carbon in the product phase, i
50% mass excess of carbon was used over the stoichiometric 2
conditions represented on reaction (1) above. The precursol
mixture was heated to an ultimate reaction temperature of be- &
tween 700 and 80TC and held for between 8 and 16 h inside
a temperature controlled tube furnace (Carbolite Ltd., Eng-
land). The CTR VPQ product, which was predominantly :
black in color (consistent with the presence of residual car- - 1] : 4

bon black), was then further reacted with LiF (Alfa-Aesar) at | et Ui Ak it dac i e
700-850°C to yield the single phase LiVP product: e R R N

sl TN
i L |
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Structural and crystallographic analyses of the \{R{d

LiVPO4F were based on powder diffraction data obtained us- Fig. 1. Observed, calculated and difference plots obtained for LWFPO
ing a Siemens D5000 X-ray diffractometer (in Bragg-Bretano from Rietveld refinement. The diffraction patterns were refined based on a
geometry) equipped with Cudradiation. Structure analysis triclinic structure using space groli (see text for unit cell parameters).
using the Rietveld method was performed using the GSAS
software packagi 4—16] Electrochemical evaluation of the
test materials was carried out in metallic lithium (FMC) test
cells using a commercial (Maccor Inc.) battery cycler. For
lithium-ion cell testing the LiVPQF was capacity matched
with a low surface area crystalline graphite. Typical cath-
ode loadings were in the range 10-20 mgérand an elec-
trode diameter of 20 mm was used throughout. The positive
electrodes comprised 84 wt% active materials, 5wt.% Super
P (conductive carbon) and 11wt.% PVdF-HFP co-polymer
(EIf Atochem) binder. The electrolyte was composed of a
1 M LiPFg solution in ethylene carbonate/dimethyl carbonate
(2:1 by weight) and the electrode separator comprised a dried A
glass fiber filter (Whatman, Grade GF/A). High-resolution L e
electrochemical measurements were performed using the [ i
Electrochemical Voltage Spectroscopy (EVS) technique
[17].

structure (space groupl). A structural model was suc-
cessfully refined based on a triclinic structure using space
groupP-1:a=5.1687(24, b=5.3062(2A, c=7.5031(34,
a=66.856(2), 3=67.004(2), y=81.583(2) and cell vol-
ume:174.21(1§3. The LiVPO4F structure comprises a
three dimensional framework built up from RQ®etrahe-
dra and VQF, octahedrd3]. Fig. 2 shows a representation
(shown along the axis) of the LiVPQF structure.

3. Structure 8

X-ray diffraction data for the reaction intermediate CTR
VPO, were comparable with those reported elsewhere for the
material made by conventional solid-state synthesis methodss
[18-20] Structural refinement generated the following crys-
tallographic parametersa=5.2323(5, b="7.7760(2,
¢=6.2831(5)A and cell volume = 255.64(#A3. VPO, is iso-
structural with CrvQ, (orthorhombic space groupmcn),
and comprises chains of edge sharings\@@tahedra, which
are linked by PQ@tetrahedrd20].

Fig. 1 shows the fit obtained from Rietveld refinement
for a typical sample of CTR prepared LiVRR As ex- 6
pected no diffraction peaks were identifiable as LiF, an ob-
servation that confirmed complete LiF incorporation. This

incorporation reac’_[ion results in a loss of crystal Symme- Fig. 2. Schematic representation of the LiVAFOframework structure
try such that the LiVP@F product phase adopts a triclinic  (shown in thec direction) indicating the position of the Lions.

nwrin LIVPOIF
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4. Electrochemical behavior 5.0

42 R Y

The lithium extraction/insertion behavior for the LiVRP e

active material relies on the reversibility of thé'Ww/4* redox
couple:

3B fos

3.0 -

LiV3TPOJF < V*POSF + Lit + e (3) -

Fig. 3 shows the EVS first cycle data for a representative ] N A R

Li||LiVPOg4F cell. The reversible specific capacity is close to e
the theoretical material utilization of 155 mAhY and there TR, | SECETN SRS PSP
is a low level of voltage polarization. This performance is a

RCB Cell Voltage [V]

R . . . 0.5
significant improvement over our previous publicat[84] 5 | | i i i | 3 _
and results from the optimized preparative conditions em- %8 2 4 6 8 10 12 14 16 18
ployed. The end of the charge process represents formation Time on Test [h]

of the fully delithiated VPQF phase. Transition metal fluo-
rophosphate phases are highly unusual and we are currentlyfig. 4. Comparative voltage profiles for graphitévVPO4F and
determining the crystallographic properties of the vanadium graphiteﬂ!.iCoOz lithium-ion cells. The data were coIIecFed at_ approxima_te
(IV) fluorophosphate phag21]. Close inspection of this fig- ;hfﬁeﬂféhasﬁﬁﬂ?ﬁeﬁ fefﬁieﬁzecifb%ﬁo;ﬁ?d%S?ht; Ig?t:lc?nnast: O(?:Erlssd
ure indicates the presence of a small inflection in the charge,yeight).
voltage profile. This behavior is best depicted in the dif-
ferential capacity data, which reveals the presence of two trode mass balances. The reversible specific capacities of the
closely spaced peaks during cell charge. This observation cortwo active materials were determined to be similar, i.e., 129
responds to extraction of the alkali ions from two (energeti- and 132 mAh g forthe LiVPO4F and LiCoQ, respectively.
cally inequivalent) crystallographic sites within the LiVEO By inspection we may also determine that the LivjF@ell
framework. By contrast, the subsequent lithium insertion pro- offers not only a flatter voltage profile but also generates
cess is characterized by a single differential capacity peak,an average discharge voltage around 0.3V higher than the
consistent with a two-phase reaction mecharfismin situ comparable LiCo@ system. In addition to electrochemical
X-ray studies are currently underway in our laboratory to elu- performance, safety considerations will also be of paramount
cidate the precise nature of this lithium extraction/insertion importance in establishing if LiVP&F will be commercially
sequencg?1]. The electrochemical response recorded dur- viable, especially for larger format applications. Based on
ing this initial EVS cycle, persists over several 100 cycles structural and MO—P bonding considerations, we would ex-
and may be considered characteristic of the lithium insertion pectthe fluorophosphatesto behave similarly g/2(PQOy)3
reactions. and LiFePQ and represent a substantially safer cathode op-
In Fig. 4 we compare the voltage profiles of tionthan LiCoQ orother oxide based active materifls3].
graphit¢|LiVPO4F and graphitgLiCoO; lithium-ion cells Comprehensive testing is currently underway to define and
made using identical anode stock and employing similar elec- confirm these safety characteristj24].
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Fig. 3. EVS dataforatypical IJLiVPO4F cell cycled between 3.00 and 4.50 V. The data shown were collected@t8] are for the first cycle. The electrolyte
comprised a 1 M LiPF solution in ethylene carbonate/dimethyl carbonate (2:1 by weight). Left: EVS voltage profile. Right: EVS differential capacity profile.
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Fig. 5. Lifetime cycling of representative graphjtéVPO4F lithium-ion cells cycled between 3.00 and 4.40 V. The data shown were collected@t&hg

an electrolyte that comprised a 1 M LipBolution in ethylene carbonate/dimethyl carbonate (2:1 by weight). Left: C/2 rate for charge/discharge. Right: C
rate for charge/discharge. Note that these cells were initially tested at C/5 rate and then switched to higher rates as shown by the step in treetdata and t
annotation.

In Fig. 5we demonstrate the long-term stability of the for electroactive materials with improved electrochemical
graphite|LiVPO4F lithium ion system by cycling represen- and safety properties. In this communication we demonstrate
tative test cells at charge/discharge rates of C/2 and C. Asthe performance characteristics of the novel fluorophosphate
indicated on this figure the initial cycling was carried out at phase, LIVPQF. In lithium metal test cells the LiVP4F
a C/5 rate. From inspection we may conclude that there is demonstrates a reversible specific capacity of around
a relatively insignificant discharge capacity ‘penalty’ when 140mAhg?! and an average discharge (insertion) voltage
increasing the rate from C/5 to C. For instance, the ini- of 4.2V versus Li. In addition, the active material shows
tial reversible specific capacity for the active material is good capacity retention during long-term cycling tests
around 125 mAh g! at C/5 and this figure declines to about in graphite-based lithium-ion systems. In terms of rate
117 mAh g ! when the rate in increased to the C rate. Fol- capability the performance appears superior to the LiMPO
lowing the first three cycles, the charge/discharge efficiencies(M = Fe, Mn) polyanion materialgl]. By comparison with
for the data shown ifrig. 5are found to be close to 100%. lithium-ion cells based on the established material LigoO
In addition, the presented cycling results suggest that the ratethe fluorophosphate material offers an improved voltage
capability of the fluorophosphate is superior to other polyan- profile and a higher average discharge voltage. The material
ion active materials such as LIMRGM =Fe, Mn) [1] or is also fully compatible with existing lithium-ion cell ‘infra-
LiVOPO4 [22]. To support this position, some preliminary structure’ such as electrolyte formulations and charge circuit
test data confirm that the electronic conductivity and Li ion electronics. In summary, we believe that based on these pre-
diffusion rates for LIVPQF are both significantly higherthan  liminary performance data the LiVR® offers considerable
in either LiFePQ or LiVOPOy [21]. promise as a viable cathode replacement for LigoO
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