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Abstract

The lithium insertion chemistry of an iron phosphate with the lipscombite structure, Fe1.19PO4F0.11(OH)0.46(H2O)0.43, was investigated by
X-ray diffraction (XRD), galvanostatic cycling, and potentiostatic intermittent titration. The compound, prepared by a simple hydrothermal
method, contains interconnecting chains of face-sharing FeO6 octahedra with about 60% Fe occupancy. Assuming that all the iron may be
reduced, the theoretical capacity is about 180 mAh g−1, similar to that of olivine-type LiFePO4. Reversible intercalation was found to proceed
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ia a single-phase reaction at an average potential of 2.8 V versus Li/Li. Good structural stability upon intercalation/deintercalation
bserved. The unit cell volume increased linearly and isotropically with increasing lithium content, reaching 10% for a Li:Fe ratio
RD peak widths increased on lithiation, presumably due to disorder created by conversion of Fe3+ to the larger Fe2+, but decreased o
ubsequent delithiation. The rate capability of this material appears to be diffusion-limited, and may benefit from a decrease in pa
he lithium insertion behavior of a related compound, Ti5O4(PO4)4, was also investigated.
2005 Elsevier B.V. All rights reserved.

eywords:Lithium batteries; Iron phosphate; Intercalation compounds

. Introduction

In recent years, considerable attention has been devoted
o complex oxides containing three-dimensional polyanion
rameworks such as olivine-type LiFePO4 and NaSiCON-
ype Li3Fe2(PO4)3, built of MO6 octahedra and (XO4)n−
etrahedra, for use as positive electrodes in rechargeable
ithium batteries[1–4]. Although these compounds have
omewhat lower theoretical capacities than simple oxides,
he strongly bonded (XO4)n− units confer exceptional stabil-
ty and safety. LiFePO4 has been the most studied, presenting
flat voltage plateau at about 3.4 V versus Li/Li+, associated
ith the Fe3+/Fe2+ couple, but it has some kinetic limita-

ions due to the two-phase LiFePO4/FePO4 system and the
imited electronic conductivity of both phases. Significant
mprovements in rate capability have been achieved by coat-
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ing the oxide particles with carbon by physical or chem
means[5,6] and by decreasing the particle size[7]. Hydrated
iron phosphates and their dehydrated derivatives[8,9] have
generated some interest, but these compounds, too, r
carbon coating to overcome their poor electronic con
tivity. Materials with composition [Li,Na]2[Fe,Mn]3(PO4)3,
having the alluaudite structure, were found to remain sin
phase during Li insertion, but exhibited poor capacities[10].
Here we report the structural and electrochemical ch
teristics of the hydrated iron phosphate fluoride Fe1.19PO4-
[F0.11(OH)0.46(H2O)0.43], having the structure of lipscomb
(Fe1.5PO4OH)[11]. In this material (Fig. 1), slightly distorted
FeO6 octahedra share faces to form chains that are conn
to other chains by corner sharing. These structural fea
could enhance the compound’s electronic conductivity
ative to that of the highly insulating olivine, LiFePO4, in
which FeO6 units share only corners. Moreover, if Li interc
lation proceeds via a single-phase in which a mixture of
oxidation states is present, the conductivity may be gre

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Structure of Fe1.19PO4F0.11(OH)0.46(H2O)0.43 showing FeO6 octa-
hedra (grey) and PO4 tetrahedra (black).

and the activation energy for rearrangement of the structure
may be lower. As prepared, all iron atoms in Fe1.19PO4-
[F0.11(OH)0.46(H2O)0.43] are in the oxidized (+3, high spin)
state, leading to a theoretical capacity of 180 mAh g−1 if all
iron atoms can be reduced and sufficient sites for Li inser-
tion are available. Here we discuss the electrochemical per-
formance of this material in lithium cells and the structural
changes observed during cycling.

2. Experimental

The synthesis was carried out hydrothermally as reported
by Loiseau et al.[11]. A mixture of Fe(NO3)3·9H2O, P2O5,
NH4HF2, and H2O in the molar ratio 1:1:1:40 was held at
200◦C for 6 days in a 60 ml Teflon-lined stainless steel re-
actor (Parr Co., Moline, IL). The resulting pale brown pow-
der was washed several times with distilled water and dried
at room temperature. The sample consisted of well-formed
cubo-octahedral crystallites (Fig. 2) about 5�m in size. XRD
patterns were obtained using a Siemens D500 diffractometer
with monochromatic Cu K�1 radiation (� = 1.54056Å). The
programs FULLPROF[12] and RIQAS (MDI Inc., Liver-
more, CA) were used for Rietveld refinement by whole pat-
tern fitting. The XRD pattern (Fig. 3) showed it to be single-
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Fig. 2. Scanning electron micrograph of Fe1.19PO4F0.11(OH)0.46(H2O)0.43

particles.

good agreement with those reported from single crystal data
[13].

Electrodes were prepared by thoroughly mixing the
well-ground phosphates (70.4 wt.%) with 12.4 wt.%
carbon black (Shawinigan black) and 17.2 wt.%
poly(vinylidenedifluoride) in a 6 wt.% NMP solution.
The mixture was applied to aluminum foil by the doctor
blade method. The electrodes were dried overnight at
ambient temperature and then for 12 h at 60◦C in vacuum.
Coin cells were assembled in an argon-filled glove box
using Celgard 3401 separators, LiPF6 (1 M) in ethylene

F
c ulated
p te the
l

hase witha= 5.181(1)A andc= 13.020(8)A, in good agree
ent with Ref.[11]. Elemental composition was determin
y inductively coupled plasma (ICP) atomic absorption a
sis (Luvak Inc., Boylston, MA).

Ti5O4(PO4)4 was prepared as follows: titanium is
ropoxide was mixed with an excess of 1 M H3PO4, produc-

ng a white precipitate which was first dried at 60◦C and then
eated at 900◦C for 12 h. The resulting white powder w
haracterized by XRD as Ti5O4(PO4)4 with a small TiP2O7
mpurity. Rietveld refinement in theP212121 space grou
avea= 12.804(2)Å, b= 14.426(3)Å andc= 7.479(2)Å, in
ig. 3. XRD pattern refinement of Fe1.19PO4F0.11(OH)0.46(H2O)0.43: open
ircles represent experimental data points, upper solid line denotes calc
attern, lower solid line represents the difference, vertical bars indica

ocations of reflections.
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carbonate/dimethyl carbonate (1:2, w/w) (Selectipur®,
Merck, Darmstadt, Germany) and Li foil (Cyprus-Foote
Mineral Co., Kings Mountain, NC) as negative electrode.
The cells were cycled between 2.0 V and either 4.1 or
4.5 V at different rates using an Arbin battery test system
(Arbin Inc., College Station, TX). Potentiostatic intermittent
titration was performed using a MacPile II (Bio-Logic, SA,
Claix, France) potentiostat/galvanostat.

3. Results and discussion

3.1. Structural characterization and elemental analysis

The lipscombite structure is built up from Fe2O4X2
(X = F−, OH− or H2O) octahedra and PO4 tetrahedra (Fig. 1).
The octahedra share faces and form infinite straight chains
along [1 0 0] atz= 1/4 and 3/4,and along [0 1 0] atz= 0
and 1/2. The chains are interconnected by both X ions and
PO4 tetrahedra. Only about 60% of the Fe sites are occu-
pied, with short-range ordering of vacancies. Loiseau et al.
[11] prepared a material by the same method with compo-
sition Fe1.21PO4F0.45(OH)0.18(H2O)0.37, and showed using
Mössbauer spectroscopy that all iron ions were in the +3
state. The composition of our sample, hereinafter referred to
a

3

in-
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f

F X/Li
c

ing charge, only 0.56 lithium could be extracted, giving a
reversible capacity for the first cycle of 84 mAh g−1. The
potential–composition curve is sigmoidal, with an average
potential of 2.8 V, slightly lower than that reported for the
amorphous and crystalline forms of FePO4·2H2O [9]. In the
case of ball-milled FePO4·2H2O, however, only 10% of the
theoretical capacity was obtained, as compared to 59% for
hand-ground FPX. This could be due to greater electronic
conductivity in FPX, or to a smaller irreversible loss of
lithium due to the lower water content. The discharge ca-
pacity increased steadily during the first 30 cycles (Fig. 4,
inset), equalling the first discharge after 80 cycles. Similar
behavior was reported[9] for FePO4·2H2O and attributed to
“electrochemical grinding” of the particles as they expand
and shrink upon insertion–deinsertion.

3.3. Potentiostatic intermittent titration

Although FPX did not require carbon coating, it exhib-
ited some kinetic limitations. The potentiostatic intermittent
titration technique (PITT) can provide information about dif-
fusion in a single solid solution domain[14]. An FPX elec-
trode was first activated by galvanostatic cycling at aC/10
rate between 2 and 4.5 V versus Li+/Li. PITT measurements
were carried out by applying increasing potential steps of
1 nt as
a
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r rrent
d
a harac-
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s FPX, was found to be Fe1.19PO4F0.11(OH)0.46(H2O)0.43.

.2. Charge–discharge cycling

The electrochemical behavior of FPX upon lithium
ertion at a rate corresponding to ca.C/10 is presented i
ig. 4. During the first discharge to 2.0 V, 0.7 Li ions p

ormula unit were taken up (105 mAh g−1). On the follow-

ig. 4. Potential vs. composition for first discharge and charge for FP
ell. Inset: discharge capacity vs. cycle number.
0 mV between 2 and 4.45 V and measuring the curre
function of time. When the current decreased toC/50, the

otential was stepped to the next level. The procedure
epeated for decreasing potentials. The voltage and cu
ata are plotted as a function of composition inFig. 5. The
bsence of the bell-shaped current response that is c

eristic of a two-phase reaction indicates that LixFPX exists
s a single-phase within this composition range. From
onotonic behavior of the current, it is clear that the reac

s diffusion-controlled. The exponential current decay a
n initial rapid increase following each potential step follo

ig. 5. Chronoamperometric response (dashed line) of the second po
ynamic cycle (solid line) of FPX/Li cell with10 mV potential steps.
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the form[15]:

I(t) = 2FS(CS − C0)D̃

L
exp

[
−π2D̃t

4L2

]
, when t � L2

D̃
(1)

whereF is the Faraday constant,Sthe electrochemically ac-
tive area,L the diffusion length (set equal to half of the average
particle size of 5�m), and (CS−C0) represents the change
in Li concentration at the positive electrode–electrolyte inter-
face. To accurately determine diffusion coefficients, an exper-
iment was performed using a limiting current ofC/300. The
values ofD̃ were on the order of 10−12 cm2 s−1, quite high
compared with those (10−14 to 10−16 cm2 s−1) measured for
LiFePO4 and FePO4 [16], and of the same order of magnitude
as those reported for LiCoO2 [14].

3.4. Structural evolution during Li insertion/extraction

To investigate the phase stability of FPX upon cycling, we
undertook an ex situ study of the XRD pattern evolution as
a function of state of charge (SOC). A 20 mm× 25 mm elec-
trode was discharged and charged in a beaker cell containing
1 M LiClO4 in propylene carbonate at 20�A cm−2 for vary-
ing periods, washed to remove electrolyte, removed from the
glove box, and mounted in the diffractometer. The evolu-
t l
s ases
a
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a
i
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F s on
r

Table 1
Open-circuit potentials, cell parameters, and apparent crystallite sizes for
LixFe1.19PO4F0.11(OH)0.46(H2O)0.43 at different states of charge

x OCP (V) a (Å) c (Å) V (Å3) Crystallite size (nm)

0.00 3.40 5.1799(3) 13.019(2) 349.3 38
0.76 2.70 5.2676(9) 13.123(7) 364.1 10
1.14 2.60 5.305(1) 13.285(9) 373.8 7
0.63 3.35 5.2265(4) 12.945(3) 353.6 24
0.30 3.50 5.2250(3) 12.896(3) 352.1 26
1.00 2.40 5.366(2) 13.465(9) 387.8 6

and 0.80Å, respectively, consistent with the tabulated values
of 0.65 and 0.78̊A for high spin Fe3+ and Fe2+ [17]. The
average FeO bond lengths in olivine FePO4 and LiFePO4
are 2.10 and 2.16̊A, respectively. The much greater changes
in FPX reflect its less rigid structure, which allows accom-
modation of Fe ions of different sizes and a gradual transi-
tion between oxidized and reduced forms in a single-phase
system.

During the first discharge, some Li was taken up irre-
versibly, possibly due to reduction of water and/or ion ex-
change of Li for protons. The development of lattice parame-
ters and other structural characteristics on subsequent cycles
were reversible, as shown inFig. 8, where cell volume and
apparent crystallite size are plotted as a function of open-

Fig. 8. Unit cell volume and apparent crystallite size vs. open-circuit poten-
tial of FPX electrode.
ion of the XRD pattern is shown inFig. 6. The tetragona
ymmetry was preserved during cycling and no new ph
ppeared. The unit cell expanded on lithiation (Table 1), and
ontracted on subsequent delithiation, with some hyste
he Fe O bond lengths (Fig. 7) increased from an ave
ge of 2.03̊A in the fully oxidized state (x= 0) to 2.18Å

n Li1.00 FPX. Using an ionic radius of 1.38 for O2−, the
onic radii of the Fe ions in the two compounds are 0

ig. 6. Evolution of ex situ XRD patterns of FPX electrode. Number
ight indicate the value ofx in LixFPX.
Fig. 7. FeO6 coordination in (a) FPX and (b) Li1.00FPX.
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circuit potential rather than Li content. The apparent crys-
tallite size (as determined from the widths of the diffraction
peaks) decreased steadily as Li was inserted but increased on
subsequent Li extraction. This may be attributed to stress or
disorder induced by the much greater increase in the equa-
torial Fe O bond lengths during lithiation than in the axial
bond lengths. Although there was a large volume expansion
on lithiation, it was nearly isotropic, and “electrochemical
grinding” is considered unlikely to occur in this material.
The structure of the parent compound readily accommodates
Fe3+, but must endure some distortion during the conversion
to Fe2+.

3.5. Other compounds with the lipscombite structure

A number of compounds have the lipscombite struc-
ture with differing occupancy of the MO6 units. Most of
them contain water and/or hydroxide as in Fe1.5PO4OH and
V0.94Co0.46PO4(OH)0.74(H2O)0.26 [18]. The preparation of
water-free compounds is more difficult, but�-Fe2OPO4 [19]
and Ti5O4(PO4)4 [13] are known examples. In�-Fe2OPO4,
all the octahedra are occupied, but only half of the iron
ions are in the +3 state leading to a theoretical capacity
of only 120 mAh g−1. In the case of Ti5O4(PO4)4, five-
eights of the octahedra are occupied and all Ti is in the +4
s −1

T a-
p le
a
r 2.63
a o-
c poor
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h een
1 rves

F
c

had a similar shape with lower capacities on both plateaux
but the total held steady at 80 mAh g−1 (Fig. 9, inset). These
results confirm the good cycling stability of compounds with
the lipscombite structure, but the limited capacities and large
first cycle irreversibility (50%) are significant drawbacks.

4. Conclusions

Lipscombite-type Fe1.19PO4F0.11(OH)0.46(H2O)0.43 is an
easily prepared Fe3+ host for reversible Li insertion in non-
aqueous electrolytes, with a sloping discharge potential aver-
aging 2.8 V versus Li. The material remains single-phase over
the range of 0 to 1.14 Li atoms per formula unit. The capacity
at low rates is about 120 mAh g−1. Its high rate performance
is hindered by a slow diffusion process and by the large par-
ticle size resulting from the hydrothermal synthesis, and may
be improved by grinding or shorter preparation times. The
presence of water in the structure results in some excess dis-
charge capacity that is not recovered on the first charge, but
on repeated cycling, perhaps due to gradual ion exchange, the
discharge capacity increases steadily. Development of a solid
state synthetic route, like that for Ti5O4(PO4)4, to reduce the
water content and to substitute other transition elements for
iron in this structure are in progress.
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tate, giving a theoretical capacity of about 190 mAh g. A
i5O4(PO4)4/Li cell (Fig. 9) displayed a first discharge c
acity of 160 mAh g−1, with two plateaux distinguishab
t about 2.0 and 1.6 V versus Li+/Li. The TiP2O7 impu-
ity, whose behavior is characterised by plateaux at
nd 2.57 V versus Li+/Li [20], did not appear to be electr
hemically active in these cells, presumably due to its
lectronic conductivity, which cannot be enhanced by sim
and-grinding with carbon. The cells were cycled betw
.2 and 4.0 V at aC/20 rate. Subsequent discharge cu

ig. 9. Potential vs. composition for the two first cycles of Ti5O4(PO4)4/Li
ell. Inset: charge and discharge capacity vs. cycle number.
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