
Anion-Induced Solid Solution Electrochemical Behavior in Iron
Tavorite Phosphates
Brian L. Ellis and Linda F. Nazar*

Department of Chemistry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

*S Supporting Information

KEYWORDS: lithium-ion batteries, iron phosphate, solid solution

Cathode materials for lithium ion batteries which exhibit
solid solution properties over a wide lithium composi-

tional range have been sought after for decades. Solid solution
behavior is exhibited in several oxide-based positive electrode
materials, Li1−xMO2, where it is typically attributed to
delocalized and/or weakly correlated ion and electron trans-
port, coupled with a small volume difference between the redox
end members.1,2 Its existence implies an absence of any phase
boundary impediment during redox cycling and is associated
with good carrier mobility. The existence of a single phase
extraction/insertion mechanism allows for additional practical
benefits. Chiefly, the resultant sloping voltage curve permits
facile monitoring of the state of charge of the battery, as
compared with materials which exhibit two-phase behavior and
display a constant voltage over a range of compositions: classic
examples of these are members of the lithium metal polyanion
family such as LiFePO4, which has a flat voltage profile near 3.5
V vs Li/Li+.3,4 With the advent of LiFePO4, polyanionic
materials have been a major focus of research for reasons of
high safety, low cost, and environmental impact. Other positive
electrode materials under study include fluorophosphates such
as LiFePO4F,

5,6 LiVPO4F,
7 and Na2FePO4F.

8 More recently,
sulfates such as LiFeSO4F

9,10 and FeSO4(OH)
11 have emerged.

While Na2FePO4F/Li exhibits solid-solution behavior as a
result of Na/Li cation disorder,12 it is something of an
exception. Solid solutions previously reported for polyanionic
lithium ion battery systems have mostly been limited to
aliovalent cation substitution generated in situ via redox
transitions. These include substitution of Mn2+ in Li(Fe,Mn)-
PO4 in a disordered state which is maintained during the
Fe2+/3+ phase transition in LiFePO4 and gives rise to apparent
solid solution behavior on the lower voltage plateau in the
electrochemical profile.13 Aliovalent cation distributions have
been demonstrated to drive solution solution behavior in
Li3−xV2(PO4)3 where cation valent disorder dominates on
discharge: in contrast, that same valence order on charge drives
single phase behavior.14 Solid solutions have also been observed
in elevated temperature regimes of Li1−xFePO4, characterized
by coalescence of the two end-members and rapid electron-
hopping.15 Particle size effects have also been suggested to
induce solid solution behavior. In LiFePO4, particles less than
100 nm in diameter were shown to have a smaller miscibility
gap than bulk particles.4,16

These findings have prompted us to explore the next
generation of cathode materials that might exhibit more
attractive features with fewer inherent limitations. In the search
for structural frameworks that overcome the 1-D ion
conductivity challenge of olivine,17 we explored the tavorite
family of compounds: LiMPO4(OH)xF1−x (M = V, Mn, Fe, Al).
It has been shown previously that anionic solid solutions
LiAlPO4(OH)xF1−x, which span the entire compositional range
between montebrasite (LiAlPO4OH) and amblygonite (LiAl-
PO4F), can be found both in nature and as synthesized
materials.18 This led us to question whether anion composi-
tional disorder could drive lithium compositional solid solution
behavior in analogous redox active compounds. Here, we report
the synthesis of a mixed hydroxy-fluoro iron tavorite,
LiFePO4(OH)0.4F0.6 (Figure 1), which demonstrated solid-
solution behavior on electrochemical cycling in a Li-ion cell.

LiFePO4(OH)0.4F0.6 was prepared from a hydrothermal
reaction of 1.87 g of FePO4·2H2O and 0.26 g of LiF in a 23
mL polymer-lined Parr reactor charged with 15 mL of H2O.
The mixture was heated to 200 °C for 16 h, and the product
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Figure 1. Rietveld refinement of XRD data from a sample of
hydrothermally prepared LiFePO4(OH)0.4F0.6. The statistical agree-
ment factors for the refinement are Rwp = 8.51%, Rp = 6.37%, RF

2 =
7.25%. The collected data are in red, the fit is shown in black, the
calculated reflections are shown in blue, and the difference map is
shown in gray.
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was filtered and dried. Solid state LiFePO4F was prepared as
reported.5 LiFePO4OH was prepared hydrothermally19 by a
method similar to those reported previously.20,21 Chemical
lithiation of the materials was performed using stoichiometric
amounts of LiAlH4 in tetrahydrofuran under Ar. A full
description of the characterization techniques used in this
study may be found in the Supporting Information.
LiFePO4(OH)0.4F0.6 was synthesized by a facile aqueous

hydrothermal reaction of iron(III) phosphate and LiF. The
well-formed crystallites that were produced were 0.5−3 μm in
dimension, as seen in the SEM image (Figure 1). A Rietveld
refinement of the powder XRD pattern is shown in Figure 1. A
full summary of the refinement results can be found in the
Supporting Information, along with lattice parameters. On the
basis of a previous study in which a relationship between the
relative occupancies of the split Li sites and the OH/F content
of the tavorite compound was established, the Li site was
retained as a split site with both occupancies fixed at 0.5 for the
purposes of the refinement.18 The pattern was fit as a single
triclinic phase with no trace of either the hydroxide
(LiFePO4OH) or fluoride (LiFePO4F) end member. The
lack of coherent regions of either end-member in the diffraction
pattern confirms the random distribution of OH− and F− ions
as bridging ligands, and thus the compound comprises an
anionic solid solution.
The triclinic (P1 ̅) structure of LiFePO4(OH)0.4F0.6 is similar

to that of other LiM3+PO4(OH,F) tavorite compounds such as
LiAlPO4F;

18 a polyhedral representation of the structure is
shown in Figure 2a. LiFePO4(OH)0.4F0.6 is comprised of one-

dimensional chains of corner-shared octahedra, with alternate
octahedra in the chain slightly tilted. These chains are
connected by corner-sharing phosphate tetrahedra which
effectively limit the electron transport to 1-D but afford open
pathways for 3-D Li+ ion transport. Several compounds with
this structure demonstrate high ionic conductivity, including
LiMnPO4OH.

22 The OH/F ligands which bridge the iron
octahedra subtly influence the structure; this is reflected in the
unit cell volumes of the members of this series. In the case of
LiFePO4F, complete F− substitution gives rise to the lowest
unit cell volume of 173.67 Å3,5 as compared to 174.84 Å3 for
LiFePO4OH.

19 The unit cell volume of LiFePO4(OH)0.4F0.6
(174.31 Å3) is intermediate between that of LiFePO4OH and
LiFePO4F, as expected for the mixed OH/F compound.
The stoichiometry of LiFePO4(OH)0.4F0.6 was determined

by EDX measurements, which revealed a Fe:P:F ratio of
approximately 1:1:0.6 which indicated the compound is not
fully fluorinated. Infrared spectroscopy was used to verify the

presence of hydroxide in the LiFePO4(OH,F) compositions.
The spectra are shown in Figure 2b. In the case of LiFePO4OH,
the (O−H) stretch is evident as a very strong peak at 3280
cm−1, and a strong peak at 790 cm−1 corresponds to an O−H
bending mode. For LiFePO4(OH)0.4F0.6, the intensity of the
O−H stretching vibration decreases as a result of partial
replacement of hydroxide with fluoride. Also notable is the
increased breadth of the O−H stretch as well as a shift to
slightly lower wavenumber (to 3230 cm−1). The intensity of the
O−H bend peak at 790 cm−1 is also diminished. These
phenomena have been observed previously in LiAlPO4(OH),F
compounds and were attributed to local disorder in the
structure and variations in bond sum as a result of partial loss of
hydrogen moieties available for hydrogen bonding.18 For
LiFePO4F, no peaks were observed in the 3000−3600 cm−1

or 750−800 cm−1 regions of the IR spectrum, which indicated
the compound is free of OH− and thus fully fluorinated.
The electrochemical profile on the first discharge of each of

the iron tavorites is shown in Figure 3a. LiFePO4OH

demonstrated a clear two-phase plateau at 2.35 V vs Li, and
in the case of LiFePO4F, the plateau was a higher voltage of
2.75 V, as seen previously.5,20 In contrast, LiFePO4(OH)0.4F0.6
exhibits a sloping profile over the entire lithium stoichiometry
range on both charge and discharge, indicative of solid-solution
behavior. Full electrochemical cycling data for as-prepared
LiFePO4(OH)0.4F0.6, cycled vs Li at a rate of C/10, are
presented in Figure 3b. On initial discharge, the full capacity
(153 mAh/g) is obtained at an average potential of 2.6 V.
Successive charge and discharge cycles of the cell result in a
sustainable, reversible capacity of 140 mAh/g (see Figure 3b,
inset). The potential and the capacity are stable over long-term
cycling, despite the presence of OH− in the lattice.
PITT measurements were also performed on a LiFe-

PO4(OH)0.4F0.6 electrochemical cell starting from the fully
charged Fe3+ state. The voltage was decreased in 6 mV
increments and the current at each constant voltage step
measured until it dropped to a C/50 rate; hence, the capacity
available at finely resolved voltage steps was measured. The
resultant electrochemical curve is displayed in Figure 4a, and
the central region of this figure is highlighted in Figure 4b. As in
the case of the constant−current data, the electrochemical
potential (shown in black) constantly declines during discharge.
The current response (in red) is a rapid exponential decay at
each voltage step and confirmed the presence of a lithium
compositional solid solution. This is in contrast to known two-
phase materials such as LiFePO4, where PITT measurements

Figure 2. (a) Graphical representation of the tavorite structure with
iron octahedra in blue, phosphate tetrahedra in yellow, and lithium
ions in white. (b) Infrared spectra of as-prepared LiFePO4F,
LiFePO4(OH), and LiFePO4(OH)0.4F0.6.

Figure 3. (a) Voltage profile on first discharge of LiFePO4F,
LiFePO4OH, and LiFePO4(OH)0.4F0.6. (b) Electrochemical cycling
of cells comprised of LiFePO4(OH)0.4F0.6 cycled at a rate of C/10.
Inset: discharge capacity at a C/10 rate for the first 20 cycles.
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reveal characteristic features of a flat voltage curve and a bell-
shaped current response.16 The observed behavior is the result
of two important factors. The first is the substitutional solid
solution of the OH−/F− site in the lattice such that there is a
statistical distribution of each throughout the structure. In
principle, the presence of extended F− or OH− rich regions
would lead to a profile comprised of two plateaus, one for each
end-member of the substitutional solid solution. The other
important factor is the thermodynamics of the tavorite lattice
which may favor disorder on the lithium sites: for example,
partial solid-solution behavior is apparently exhibited by
Li1+xFePO4F for x < 0.4. These two factors operate in concert
in LiFePO4(OH)0.4F0.6. Thus, it is the first polyanion-based
positive electrode material to employ the concept of anion
substitution to yield electrochemically active materials which
display solid-solution character.
The solid-solution behavior of LiFePO4(OH)0.4F0.6 by

chemical reduction was studied by X-ray diffraction: the
patterns of Li1.5FePO4(OH)0.4F0.6 and the fully reduced
Li2FePO4F0.6(OH)0.4 compound are compared to the as-
prepared sample (see Supporting Information). In the
diffraction pattern of Li1.5FePO4(OH)0.4F0.6, the peaks are
shifted (compared to the as-prepared sample) by various
degrees to higher d-spacings, which indicates this single phase is
an intercalated tavorite. This differs from partially reduced
LiFePO4F where the two end-members (LiFePO4F and
Li2FePO4F) are present. It also differs from LiFePO4OH
where only LiFePO4OH is seen in the diffraction pattern on
partial reduction as the fully reduced phase (Li2FePO4OH) is
amorphous.19 Clearly, tavorite Li1.5FePO4F0.6(OH)0.4 is single
phase owing to the OH−/F− anionic disorder. Full reduction to
Li2FePO4F0.6(OH)0.4 shows further shift of the peaks to higher
d-spacings. The poor crystallinity of these reduced samples
prohibited the indexing of these XRD patterns.
Simple and environmentally friendly hydrothermal methods

readily result in LiFePO4(OH)xF1−x, although careful manip-
ulation of the pH is necessary to produce pure tavorite-type
phases. Moreover, we have reported on a mixed hydroxy-
fluorophosphate, LiFePO4(OH)0.4F0.6, which demonstrates
solid-solution behavior in an electrochemical cell over the
entire lithium compositional range Li1+xFePO4(OH)0.4F0.6, at
an average potential of 2.6 V vs Li. This is driven by a
combination of the anion disorder between OH− and F− in the
lattice and the thermodynamics of the tavorite framework.
These findings should lead to new ways of inducing solid
solution behavior in a variety of electrochemically active
polyanion compositions and a better understanding of the
forces that drive phase transformations in the materials.
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Figure 4. (a) PITT measurement of the first discharge of
LiFePO4(OH)0.4F0.6, (b) closeup of the PITT data in the region
Li1+xFePO4(OH)0.4F0.6, 0.4 ≤ x ≤ 0.6. The electrochemical potential is
shown in black and the current response in red.
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