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Lithium transition metal fluorophosphates with a tavorite structure have been recognized as promising
electrode materials for lithium-ion batteries because of their good energy storage capacity combined
with electrochemical and thermal stability. We report here a new low-cost and environmentally friendly
solvothermal process to prepare LiFePO4F, which exhibits a complex single phase regime followed by
a two-phase plateau at 2.75 V on electrochemical lithium insertion. The structure of the pure single
phase end member Li,FePO4F was synthesized by lithiation of LiFePO4F, and solved via Rietveld
refinement of the combined X-ray and neutron diffraction patterns, showing that Li* occupies multiple
sites in the tavorite lattice. LiFePO4OH was prepared by a new synthetic route and the electrochemical
capacity for this material is the highest reported to date. LiFePO,OH was found to intercalate lithium
at 2.40 V and the reduced Li,FePO,OH phase was found to be amorphous.

Introduction

Transition metal polyanionic compounds such as phosphates,
fluorophosphates and fluorosulfates are considered promising
positive electrode materials for lithium-ion batteries. These
members of the lithium metal polyanion family have been
a major focus of research for reasons of high safety, low cost and
low environmental impact.! The most prominent compound of
this group studied to date has been olivine LiFePO,."> The major
limitations of LiFePOy, namely poor electrical conductivity and
one-dimensional Li-ion diffusion,® have been largely overcome
by decreasing the crystallite size to the nano-scale* and by
coating conductive additives onto the surface.>® However, these
approaches add to the complexity and reduce the reliability of
the material’s manufacture. Other promising positive electrode
materials in polyanion family include fluorophosphates that do
not present this 1-D ion conductivity challenge include Na,Fe-
PO4F,”® LiFePO4F,>' LiVPO4F''? and a new category of flu-
orosulphates such as LiFeSO4F.">'* All but the first crystallize in
the tavorite family - LIMPO4(OH)F,_ (M =V, Fe, Al) - which
present exciting possibilities from an ion transport point of view.
These compounds are comprised of one-dimensional chains of
metal octahedra interconnected by polyanion tetrahedra which
allow 1-D electron transport, while intersecting channels that
house the Li" afford open pathways for 3-D ion transport.
Several compounds with this structure demonstrate high ionic
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conductivity at high temperatures, including the mineral tavorite,
LiFePO4(OH)™'¢ and LiMgSO,F."”

Many phosphate and fluorosulfate compounds have been
synthesized previously by hydrothermal or solvothermal routes
where water or an inexpensive organic compound was used as the
solvent, including the olivines LiFePO,4*®" and LiMnPO,4,"
layered Na,FePO4F,” and the tavorites LiVPO4F,* LiFe-
PO4(OH)'>?' and LiMSO4F (M = Fe, Mn, Co, Ni)."*?? Hydro-
thermal and solvothermal synthetic routes offer significant
advantages compared to conventional solid-state techniques in
terms of reaction time and energy consumption. These reaction
techniques are also industrially viable, as hydrothermal syntheses
are readily scalable to produce large quantities of material and
the reaction media is inexpensive (water or an low cost organic
solvent). In the case of the fluorosulphates, the solvents used for
solvothermal synthesis include inexpensive glycols'® or costly
ionic liquids'** — the latter which must be recaptured and
recycled. LiFePO4F has also been synthesized in cost-prohibitive
ionic liquid media.*®

Two fluorophosphates of the tavorite family, LiFePO4F and
LiVPO4F, have previously been explored as positive electrode
materials. The V3* — V*#' transition in LiVPO,F is located at
4.25 V vs. Li/Li*."* LiVPO,F has also been shown to intercalate
Li: the V3* — V?* transition is at 1.75 V vs. Li/Li*, a potential low
enough to demonstrate cycling of a symmetrical cell based on
LiVPO4F.? In LiFePO4F, Fe** — Fe?* redox couple is at 2.8 V
vs. Li/Li*,° about 0.7 V lower than the same redox transition in
LiFePO,, owing to a reduced influence of the inductive effect.
The phosphate groups in olivine share edges with the metal
octahedra whereas in the tavorite structure, the corner-sharing
reduces the repulsion between metal centres and hence lowers the
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potential. Each of the electrochemical transitions reported in the
tavorite fluorophosphates reported previously exhibit primarily
two-phase behavior on both lithium intercalation and dein-
tercalation, due to strong ion-electron interactions.

Here, we report a new solvothermal synthesis of nanocrystal-
line iron tavorite LiFePO4F using ethanol as the solvent, and
report its thermal stability compared to the hydroxy-tavorite,
LiFePO4OH. We explore the nature of its complex single and
two phase electrochemical behavior via measurements combined
with ex-situ X-ray diffraction studies. Moreover, we report the
first structural solution of the electrochemical end member,
Li,FePO4F, based on a combined refinement of X-ray and
neutron diffraction data. This follows on our previous iron
tavorite report where only the lattice parameters of this phase
were obtained by a LeBail fit of X-ray diffraction data.” The
structure is revealed to be surprisingly complex; Mossbauer
spectroscopy was used to elucidate the structural subtleties and
to verify the full reduction of Fe’* to Fe?* in Li,FePOyF.
Furthermore, chemical reduction of LiFePO,OH to Li,Fe-
PO4OH revealed a transition to an amorphous phase, which
explained the change in electrochemical potential observed after
the first discharge cycle of LiFePO,OH.

Experimental
LiFePO,OH

In a typical synthesis, 1.78 g of an iron phosphate precursor
(FePOy4-1.5H,0, prepared as previously reported®), was
combined with 0.25 g LiOH-H,O and 0.10 g lithium acetate
(Li(CH3COO) -2H,0) and 10 ml of deionized water in a 23 ml
Teflon lined Parr acid digestion bomb. The mixture was stirred
for 30 min and heated to 160-200 °C for 8-15 h. The yellow
product was filtered, washed with deionized water and dried
under vacuum at 80 °C for 16 h.

LiFePO4F

1.13 g of anhydrous FeF3 and 1.04 g of LiH,PO,4 were stirred in
15 ml of ethyl alcohol in a 23 ml Teflon lined Parr reactor. The
mixture was heated to 230 °C for 3 days. The light grey product
was filtered, washed with deionized water and dried under
vacuum at 80 °C for 16 h. A solid-state method was also used to
prepare LiFePO,F, as previously outlined.®

Li1+xFePO4(F,OH)

To intercalate Li into LiFePO4F, material prepared by the solid-
state method was stirred with stoichiometric amounts of LiAlH,4
for 44 h in tetrahydrofuran in an argon filled glove box and
filtered to produce single phase Li,FePO4F. LiFePO,OH was
reduced with stoichiometric amounts of n-butyl lithium.

Materials characterization

Powder X-ray diffraction was performed on a Bruker DS8-
Advance powder diffractometer using Cu-Ko radiation (A =
1.5405 A), operating from 2@ = 10° to 80° at a step size of 0.01°
with a count time of 5 s per step. Neutron diffraction data was
collected on a 3 g sample of Li,FePO4F using the HB2A High

Resolution Powder Diffractometer at the High Flux Isotope
Reactor at the Oak Ridge National Labs (Tennessee, USA).
Samples of Lij+FePO4F were loaded in a hermetically sealed
holder to prevent air exposure. Lattice parameters were initially
determined using TOPAS™ software and structural refinements
were carried out with the GSAS program® with the EXPGUI
interface®® using full pattern matching. Scale factor, zero point,
background, lattice parameters, atomic positions and thermal
factors were iteratively refined.

Powder samples for SEM were gold coated and examined in
a LEO 1530 field emission scanning electron microscope
(FESEM) equipped with an energy dispersive X-ray spectros-
copy (EDX) attachment. Images were recorded at 15 kV with
a back-scattered electron detector. For thermal gravimetric
measurements, 10-20 mg samples were placed in an alumina
crucible and heated at 10 °C min~' under air (100 mL min™")
using a SDT Q-600 TGA from TA Instruments. A Bruker Tensor
infrared spectrometer was used to collect spectra of as-prepared
materials ground with KBr and pressed into pellets. Elemental
analysis of Li,FePO4F was performed by inductively coupled
plasma mass spectrometry.

Mossbauer spectra were collected over a counting time of 20 h
in a hermetically sealed holder using a 50mCi *’CoRh source
mounted on a constant-acceleration spectrometer calibrated
using a-Fe foil at room temperature. Fitting was accomplished
using standard least-squares methods.

For electrochemical measurements, materials were mixed with
carbon black and polyvinylidene difluorideina 75 : 15 : 10 weight
ratio. The cell loading was 5-6 mg cm 2 The electrochemical
measurements were conducted in 2220 coin cells, using a lithium
metal anode and an electrolyte solution comprised of 1M LiPFgin
1 : 1 ethylene carbonate/dimethyl carbonate. Room temperature
galvanostatic cycling was performed between 1.5 and 4.0 V.

Discussion

LiFePO4F prepared by solid state methods where the sample is
heated under flowing argon produces a pure single phase mate-
rial as we have previously reported,” in contrast to previous
studies where the sintering environment was air.’> The sol-
vothermal technique reported here also produces single phase
LiFePO4F - at a much lower temperature than the solid state or
other solution-based methods - and without the need to recover
expensive ionic liquids.'® Precautions are necessary, however.
The precursors were dried in an oven at 100 °C and the ethanol
was dried over molecular sieves prior to starting the reaction to
minimize water and suppress OH~ formation in solution. X-ray
diffraction patterns, indexed in PI, and FESEM images of
LiFePO4F that compare the products from the solid state and
solvothermal methods are shown in Fig. la and b. Reagent
choice and pH control in the latter is critical in order to ensure
LiFePO4F is the only product. For example, the addition of
NH4HF,; which acts as both a fluorinating agent and a weak acid
favored the formation of giniite, Fes(PO4)4(OH)3-2H,0, which
precipitates in acidic media.?” The solid-state prepared material
forms agglomerates of large (300-1000 nm) particles typical of
carbon-free high-temperature synthesis routes. Conversely, the
solvothermally produced LiFePO4F has a matchstick-like
morphology: crystallites exhibit very small dimensions
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Fig. 1 (a—c) X-ray diffraction patterns and (d—f) corresponding SEM
images of LiFePO4(OH) (a,d), LiFePO4F prepared by the solvothermal
route (b,e) and LiFePO4F prepared by a solid-state route (c,f).

(<100 nm) in two directions with lengths up to 1 pm. The lattice
parameters for materials prepared by both methods are given in
Table 1.

The triclinic (P1) structure of LiFePO4F has been previously
reported;® a polyhedral representation of the structure is shown
in Fig. 2a. LiFePO,F is comprised of one-dimensional chains of
corner-sharing [FeO4F,] octahedra - which effectively limit
electron transport to one dimension - connected by corner-
sharing phosphate tetrahedra. The resulting cavities house the
Li* and afford open pathways for 3-D ion transport. Several
compounds with this structure demonstrate high ionic conduc-
tivity including LiFePO4(OH).'>*¢ LiFePO4(OH). is isostructural
with LiFePO4F, except the hydroxide ions act as bridging ligands
instead of F~ Replacement of F~ with OH™ results in subtle
changes to the structure owing to its slightly larger size. A slight
contraction in the ¢ lattice parameter and an increase in the other
lattice parameters was observed, leading to a small increase in the
overall unit cell volume from 173.6 A for LiFePO4F to 174.8 A
for LiFePO4(OH).

The hydrothermal method of preparation of LiFePO,OH
yields micron-sized platelets of pure LiFePO4(OH), similar to the
previously reported hydrothermal synthesis that utilizes similar
temperature but slightly longer duration,?! although reaction
time is not a determining factor for particle morphology in the
low-temperature hydrothermal preparation of phosphate mate-
rials.” This is much simpler and more efficient compared to
a method that requires temperatures above 400 °C as well as
excessive pressure and long periods of time to crystallize the
material.® An X-ray powder diffraction pattern and a represen-
tative scanning electron microscope (SEM) image of the resultant
material are shown in Fig. 1c. The indexed lattice parameters
given in Table 1 are in accord with those reported for single
crystal and polycrystalline samples of LiFePO4(OH).?*®

Table 1 Lattice parameters of synthesized LiFePO4(OH)/F

Fig. 2 Graphical representation of the LiFePO4F structure with iron
octahedra in blue, phosphate tetrahedra in yellow and lithium ions in
white.

Infrared spectroscopy was used to verify the presence of
hydroxide moieties in LiFePO4(OH), and their absence in
LiFePO4F. The spectra are shown in Fig. 3. In the case of
LiFePO4(OH), the v(O-H) stretch is evident as a very strong
peak at 3280 cm ™!, and a strong peak at 790 cm~! corresponds to
an O-H bending mode. For LiFePO,F, there are no peaks in the
3000-3600 cm~' or 750-800 cm~' regions of the IR spectrum
indicating that the compound is free of hydroxide and is thus
fully fluorinated.

The thermal stability of each compound in air was determined
using thermal gravimetric analysis and the results are shown in
Fig. 4. LiFePO4F remains stable under ambient conditions up to
600 °C, at which point it reacts with moisture in the air according
to the following reaction:

6 LIFGPO4F +3 H20 -2 Li3Fez(PO4)3 + F6203 + 6 HF

A mass loss of 6.0% was measured for this process, in excellent
agreement with the calculated value of 6.2%. Not surprisingly,

LiFePO,F

LiFePO,(OH)

Intensity (a. u.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm-?)

Fig. 3 Infrared spectra of as-prepared LiFePO4F, and LiFePO,(OH).

Compound alA bIA dA a(®) 8 () v () VIA}

LiFePO4(OH) 5352 7.285 5.116 109.28 97.82 106.33 174.83
SS-LiFePO,F 5.300 7.260 5.151 107.88 98.56 107.34 173.67
ST-LiFePO,F 5301 7.262 5.153 107.95 98.62 107.41 173.58

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 4759-4766 | 4761


http://dx.doi.org/10.1039/c2jm15273h

Downloaded by McGill University on 23 May 2012
Published on 30 January 2012 on http://pubs.rsc.org | doi:10.1039/C2IM 15273H

View Online

105 +

LiFePO,F

=

[=}

o
1

LiFePO,(OH)

Remaining Mass %
o
wv

o
o
1

85 T T T T T T T T \
0 100 200 300 400 500 600 700 800 900
Temperature (°C)
Fig. 4 TGA curves of LiFePO,F, and LiFePO4(OH).

the solid materials produced from this reaction were also formed
on thermal decomposition of olivine LiFePO, under oxidizing
conditions.? LiFePO,F is more stable in air than FeF;, which
was found to hydrolyze at 450 °C.*° LiFePO4(OH) decomposes
near 450 °C, close to that reported for the decomposition of
LiFePO4(OH) under pure oxygen,* and at a significantly lower
temperature than that we observed for LiFePO4F. X-ray
diffraction identified both Li;Fey(PO4); and Fe,O3 as decom-
position products of LiFePO4OH). Clearly, the presence of
fluoride in the tavorite crystal structure increases the thermal
stability of these compounds.

Electrochemical profiles of as-prepared and pulverized
samples of LiFePO4F cycled at a slow rate (C/50) are shown in
Fig. 5. The initial discharge of the as-prepared sample features
a short plateau at 2.75 V followed by a long sloping overcharge
(Fig. 5a). Since the electrode is comprised of rather large particles
of LiFePO4F which are not carbon-coated, the as-prepared
material has a low capacity for Li intercalation (0.55 Li) as well
as high polarization (0.25 V). These shortcomings are eradicated
by pulverizing the as-synthesized material for 3 h in a planetary
ball mill. Although even one hour of ball-milling was sufficient,
more than 3 h was counterproductive. An SEM micrograph of
the active material after milling is shown in the inset of Fig. 5b.
The particle morphology has changed significantly from the as-
prepared material (see Fig. 1). After milling, the particles have
a spherical shape and range in size from 200-400 nm, and the
carbon is better dispersed. For this material, the electrochemical
profile exhibits a sloping curve up to the insertion of 0.4 Li into
the structure, at which point the profile is flat. This plateau is also
at 2.75 V vs. Li. The cell can reach full capacity (152 mAh/g) and
the polarization of this cell is small (0.10 V). As we reported
previously, little capacity fade on cycling was observed for this
material.® The electrochemical profile of the solvothermally-
prepared LiFePO,4F is shown in Fig. Sc. Although the material
already has a very small particle size, milling with carbon (20-30
min) was necessary to increase the conductivity of the electrode.
The profile has longer sloping regions but it still has a plateau at
2.75 V for a small portion of the cycle. The capacity of this
material is slightly lower as only 0.8 Li is intercalated on the first
cycle although this may be due to insufficient dispersion of the
conductive carbon black. Although grinding the carbon-free
sample after preparation clearly reduces the primary particle size

»
=)
)

Voltage vs. Li/Li* (V)

NN NN N W W
oN Do ®OND®
L

0 0.2 0.4 0.6 0.8 1
xin Li,, FePO,F

4.00
3.75
3.50
3.25
3.00
2.75
2.50
2.25
2.00
1.75 ~
1.50 T T T T T

0 0.2 0.4 0.6 0.8 1

xin Liy,,FePO,F

Voltage vs. Li/Li* (V)

3.4

3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6 C)

0 0.2 0.4 0.6 0.8
x in Li,, FePO/F

Potential vs Li/Li* (V)

Fig. 5 Electrochemical data for LiFePO4F vs. Li/Li* collected in coin
cells at a rate of C/50 for a) as-synthesized solid-state LiFePO,F; b) solid-
state LiFePO4F ground in a ball mill for 3 h; solvothermal LiFePO4F
ball-milled for 30 min. SEM images of prepared electrodes for each
material are shown in the inset.

of the electrode material, it is unclear whether the increase in
electrode performance and change in profile shape are strictly the
result of particle size reduction or whether other factors, such as
the change in particle shape or formation of an amorphous iron
fluorophosphate phase, are responsible. However, regardless of
the method of sample preparation, LiFePO4F exhibited a flat
voltage plateau at 2.75 V, indicative of a two-phase transition.
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Electrochemical results for Li-ion cells based on the other
anion composition, LiFePO4(OH), are presented in Fig. 6. The
theoretical gravimetric capacity for insertion of 1 Li into LiFe-
PO4(OH) is 154 mAh/g, slightly higher than that of LiFePO4F.
As with LiFePO4F, the LiFePO4(OH) cells were prepared by
ball-milling the as-prepared material for various lengths of time.
The first discharge profiles of cells comprised of as-synthesized
LiFePO4(OH), as well as material milled for 1-3 h are shown in
Fig. 6a. Each LiFePO4(OH) cell has a flat plateau. However, the
voltage of the as-prepared sample (2.30 V) is significantly lower
than that of the sample milled for 1 h or milled for 3 h. This
subtle increase in potential as a result of particle size reduction
has also been reported for the olivine LiFePO, system.?"32 The
discharge capacity is also improved by decreasing the LiFe-
PO4(OH) particle size. Full cycle profiles and SEM micrographs
of the electrode material for the as-prepared and the 1 h milled
samples prior to cycling are shown in Fig. 6b,c. By decreasing the
particle size of the as-synthesized material and effectively
dispersing the conductive carbon after milling for 1 h, the
discharge capacity increased from 0.7 to 0.95 Li, both capacities
being greater than those reported recently.*! Initial cycling of
LiFePO4OH shows 5% capacity loss over the first ten cycles,
although the electrochemical test conditions have not yet been
optimized. Sharp capacity fade was observed for the sample ball-
milled for 3 h. We note that subsequent discharge cycles for cells
comprised of either as-prepared material or material milled for 1
h exhibit a plateau at 2.42 V vs. Li. The potential of LiFe-
PO4(OH) is roughly 0.35 V less than that of LiFePO,4F, the result
of the weaker electronegativity of the OH™ ion which decreases
the influence of the inductive effect.?
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Milled 3 hours
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Fig. 6 Electrochemical data for LiFePO4(OH) vs. Li/Li* (rate of C/50).
a) Initial discharge curves for as-synthesized hydrothermal LiFePO4(OH)
(blue), LiFePO4(OH) ground in a ball mill for 1 h (black) and LiFe-
PO4(OH) ground in a ball mill for 3 h (red). The first two full cycles for
cells of the as-prepared and 1 h milled samples are shown in b) and c)
respectively, with SEM images of the materials shown in the insets. Initial
cycling for the 1 h sample is also shown inset in c).

The origin of this increase in discharge voltage of 0.12 V, seen
on the second cycle (see above) was examined by chemical lith-
iation of LiFePO4(OH) to produce Li,FePO4(OH), as outlined in
Fig. 7. The Li,FePO4(OH) material was black in colour. Powder
X-ray diffraction, performed in an air-sensitive holder sealed
under argon, revealed no crystalline diffraction peaks, as shown
in Fig. 7b. The amorphous Li,FePO4,(OH) was chemically
oxidized with NO,BF, in an attempt to regenerate LiFe-
PO4(OH). Again, an X-ray diffraction pattern was collected in
a sealed holder under argon, and the pattern (Fig. 7c) indicated
the material remained amorphous on oxidation. Based on these
results, the electrochemical profile of LiFePO4(OH) may be
explained: upon initial discharge, crystalline LiFePO4OH)
undergoes a transformation to an amorphous phase. The first
charge cycle intercalates lithium ions into the amorphous struc-
ture and the second (and subsequent) charge and discharge cycles
involve the (de)intercalation of lithium from this amorphous
phase. Other positive electrode materials have been found to also
undergo structural rearrangements to amorphous phases on the
first electrochemical cycle, most notably the high-capacity silicate
Li,MnSi0,4.** Upon exposure to air (Fig. 7d), the tavorite phase
recrystallized, as the pattern of LiFePO,OH was clearly
recovered.

To verify the two phase nature of the electrochemical reaction
in LiFePO4F, we prepared variable compositions of Li;.Fe-
PO4JF (0 < x < 1) by chemical reduction of as-synthesized
LiFePO4F with LiAlH4. Powder XRD patterns of these
compositions are shown in Fig. 8; for clarity, the region of 2@
from 10-40 is highlighted and peaks of interest are indexed. On
reduction to Lij ,5sFePO4F (x = 0.25 Li) a new second phase is
barely evident in the diffraction pattern, signaled by the
appearance of a very weak reflection at 260 = 27.8°. This peak
becomes unambiguously evident at the composition Li; sFe-
PO4F. Subsequent reduction indicates continued growth of the
new Li,FePO4F phase at the expense of LiFePO4F until
complete intercalation of one equivalent of Li results, in accord
with the electrochemical data. The stoichiometry of this phase
was verified by elemental analysis which confirmed a Li:Fe:P

3
L
>
22
215
c
_W
d)
HIWHH|II|I|\IHII[II||IIIIII\I|IIII|HH|HII
20 30 40 50 60
20 (%)

Fig. 7 X-ray diffraction patterns of a) as-prepared LiFePO,OH; b)
LiFePO4OH reduced with n-butyl lithium to make Li,FePO4OH; c) the
chemical oxidation of Li,FePO,OH with NO,BF, to make LiFePO,OH;
d) the material in c) exposed to air for 10 min at ambient conditions.
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Fig. 8 XRD patterns of Lij+FePO4F compositions prepared by
chemical reduction with stoichiometric amounts of LiAlHy4, showing the
two-phase behavior upon LiFePO4F reduction. Selected peaks of LiFe-
PO,F are shown with blue crosses and selected peaks of Li,FePO4F are
shown with red asterisks.

ratio of approximately 2 : 1 : 1, and EDX measurements which
confirmed a Fe:P:F ratio of very close to 1:1: 1. In short, the
existence of a solid solution between 0 < x < 0.3 is unclear, but for
x > 0.4, the existence of a two phase regime is unequivocal.
Maossbauer spectroscopy revealed very important clues about
the lattice symmetry of LiFePO4F, and especially Li,FePO4F.
The Mossbauer spectrum for as-synthesized LiFePO4F is shown
in Fig. 9a. The major signal (>90% of the total measured
intensity) was fitted with a single isomer shift (IS) of 0.42(1) mm
s~! and quadrupole splitting (QS) of 1.15(1) mm s~', consistent
with Fe** in the presence of an octahedral field. Although there
are two crystallographically unique Fe’* sites in LiFePO4F, the
two sites are very similar, with two fluoride and four oxygen
ligands of similar bond lengths co-ordinated to both unique Fe
atoms, and thus it is difficult to resolve the two sites. The
Mossbauer spectrum and fit for the fully reduced material,

Absorption (%)

Velocity (mm/s)

Fig. 9 Maossbauer spectra and fit (solid line) of a) LiFePO4F and b)
Li,FePO4F, prepared from chemical reduction of LiFePO,F with
LiAlH,.

Li,FePO4F are shown in Fig. 9b. Two distinct signals are clearly
seen in the spectrum: the most prominent has parameters of IS =
1.24 mm s~ and QS = 2.79 mm s~! and the second signal has
Mossbauer parameters of IS = 1.22 mm s~! and QS = 2.18 mm
s~!. Together, these two signals make up about 90% of the total
signal, which confirms the nearly full reduction of Fe** to Fe*" in
this sample. These two signals are in a (integrated) ratio of
2.9 : 1; ie close to 3 : 1. This is significant as LiFePO4F has only
two unique Fe sites in the structure (Fig. 2). This unusual finding
was also independently reported for a partially reduced sample
without explanation.'® It can be understood by structural effects.

The structure of Li,FePO4F was elucidated by a combined
Rietveld refinement of powder X-ray diffraction and neutron
diffraction patterns. The fitted patterns are shown in Fig. 10a and
b respectively and the refinement results are presented in Table 2.
Indexing software indicated the space group for Li,FePO4F was
P1, the same as that of LiFePO4F which was used as the starting
point for the refinement. The final refined lattice parameters are
similar to those reported previously from a LeBail fit.” There is
an 8.0% volume expansion of the LiFePO4F lattice upon Li
intercalation. The iron fluorophosphate framework of Li,Fe-
PO,F is very similar to that in LiFePO4F: 1-D chains of corner-
shared FeO,F> octahedra connected by PO4*~ tetrahedra. Three
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Fig. 10 Combined Rietveld refinement of X-ray and neutron powder
diffraction data from a sample of Li,FePO4F. The statistical agreement
factors for the combined refinement are: Ry, = 9.45%, R, = 7.29%, > =
45.79. a) Refined X-ray diffraction pattern with agreement factors of
Ryp = 9.48%, R, = 7.32%, R¢* = 6.87%. b) Refined neutron diffraction
pattern with agreement factors of R, = 6.40%, R, = 4.95%, R¢* =
6.83%. For each pattern, the collected data are in red, the fit is shown in
black, the calculated reflections of Li,FePO4F are shown in blue, calcu-
lated reflections of Al are shown in green and the difference map is shown
in grey. A summary of the refined data is given in Table 2 and a summary
of Fe co-ordination environments is given in Table 3.
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Table 2 Lattice constants and atomic parameters of Li,FePO4F determined by a combined refinement of X-ray and neutron powder diffraction data.
Agreement factors for neutron diffractrion data: R, = 6.40%, R, = 4.95%, Rp* = 6.83% Agreement factors for X-ray diffraction data: Ry, = 9.48%,
R, = 7.32%, R¢* = 6.87% Agreement factors for combined refinement: Ry, = 9.45%, R, = 7.29%, x> = 45.79

LizFCPO4F

Space group: P1 (#2), Triclinic
M,, = 183.70 g mol™'
D=3225gcem™
a=53736(2) A

b=174791(2) A

c=15.3276(2) A

a = 108.398(4)°

B8 = 94.615(4)°

v =108.217(4)°

V =189.142(8) A®

Atom Wych. x/a y/b zlc Occ Uiso

Fe (1) la 0 0 0 1.0 0.011(2)
Fe (2) 15 0 1/2 0 1.0 0.008(1)
P 2i 0.6389(9) 0.750(1) 0.348(1) 1.0 0.011(1)
O (1) 2i 0.657(2) 0.866(2) 0.147(2) 1.0 0.015(3)
0 (2) 2i 0.335(2) 0.635(1) 0.309(2) 1.0 0.018(3)
0 () 2i 0.790(2) 0.620(2) 0.304(2) 1.0 0.012(3)
0 @) 2i 0.278(2) 0.097(2) 0.365(2) 1.0 0.017(3)
F 2i 0.888(1) 0.262(2) 0.171(2) 1.0 0.013(2)
Li (1) 2i 0.465(5) 0.679(4) 0.743(5) 1.0 0.015
Li(2) g 0 1/2 1/2 1.0 0.015
Li(3) 2i 0.112(5) 0.824(7) 0.521(8) 0.5 0.015

Table 3 Summary of Bond Distances for Each Iron Environment in
Li2FCPO4F

Atom Ligand Multiplicity Distance (A)
Fel 02 2x 2.0739
03 2x 2.1372
F1 2x 2.1919
Li2 2% 2.6638
Fe2A 04 2x 2.1251
0Ol 2% 2.1408
Fl 2% 2.1718
Li3 2x 2.6872
Fe2B 04 2% 2.1251
0Ol 2x 2.1408
F1 2x 2.1718

crystallographically unique Li sites were identified in Li,FePO4F.
A graphical representation of the structure is shown in Fig. 11a.
Lil is positioned close to the centroid of the split Li position in
the parent LiFePO4F. The new environment for this Li ion is
smaller than that in LiFePO4F, owing to the significantly larger
size of the Fe?* ion (78 pm radius, compared to Fe** with a radius
of 64 pm)** which forces atoms closer to Lil. As a consequence,
the new Li position is not split. The two sites where the inter-
calated Li reside are Li2 and Li3, each of which is occupied by 0.5
Li. Li2 resides between the chains of Fe octahedra on a special
position, the 1g site and is coordinated by two fluorine and four
oxygen ligands. A previous study of a natural (slightly reduced)
sample of LiFePO4(OH) showed this site is partially occupied by
Fe?* ions.? The electrochemical and powder XRD data (vide
supra) suggest that occupation of this site does not induce a two-
phase transition until full insertion is achieved at x = 0.5. The Li3

site is a general position which is half occupied and octahedrally
coordinated by one fluorine and five oxygen ligands.

With the intercalated Li ions occupying these two sites, the
Mossbauer results can be put into structural context. Fig. 11b is
a graphical representation of the bonding environment of the Fel
ion. The Fe-O and Fe-F bond distances range from 2.07 to 2.19
A (see Table 3). Li2 resides between adjacent chains of Fe
octahedra and each Fel shares triangular faces with two Li2 ions
which are 2.66 A from Fel. These Li* ions are close enough to the

Fig. 11 a) Graphical representation of the structure of Li,FePO4F with
iron environments Fel, Fe2A and Fe2B highlighted (b, c, d respectively).
Phosphate tetrahedra are depicted in yellow, iron octahedra in blue, Lil
in white, Li2 in green and Li3 in orange.

This journal is © The Royal Society of Chemistry 2012
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Fel site that the Li can be considered part of the Fe bonding
environment. Representations of the Fe2 site are shown in
Fig. 11c—d. The Fe-O and Fe-F bonds range from 2.12 to 2.17 A
in length and the Li3 ion is also in close proximity to Fe2 (2.68
A). If the Li3 site were fully occupied, each Fe2 ion would be
face-shared with two Li octahedra, just as the case of the Fel site.
As the Li3 site is only half occupied, only half of the Fe ions on
the Fe2 site will face-share with two Li3 ions (denoted as the
Fe2A site, see Fig. 11c). The remaining Fe2 sites (denoted as
Fe2B sites, Fig. 11d) will not have any cations in the local
environment. The similar environments of the Fel and Fe2A
atoms can not be resolved by Mossbauer spectroscopy and
therefore, the ratio of [Fel + Fe2A] sites to the Fe2B sites in
Li,FePO4F is 3 : 1, which is in accord with the Mossbauer data.
Finally, we note that the tavorite-type structure of Li,FePO4F
prepared by reduction of LiFePO4F differs greatly from Li,Fe-
PO4F prepared by ion-exchange of two-dimensional
NazFePO4F.36

Conclusions

Simple and environmentally friendly hydro- and solvothermal
methods provide easy routes to the synthesis of LiFe-
PO4F|_((OH),, although careful manipulation of the pH,
precursors and solvent are necessary to produce pure tavorite-
type phases. The higher electronegativity of F~ compared to
OH~ serves to increase the thermal stability of LiFePO4F
compared to LiFePO4(OH), and also raise the electrode potential
from 2.40 V for LiFePO4OH), to 2.75 V for LiFePO4F, as
a consequence of the enhanced inductive effect. Both LiFe-
PO4(OH) and LiFePO4F demonstrate two-phase behavior in Li
cells, although particle size has a significant effect on the capacity
and in the case of LiFePO4(OH), the potential itself. The two-
phase nature of LiFePO4F intercalation was confirmed by
chemical reduction of LiFePO4F where Li;+,FePO4F composi-
tions clearly show a mixture of LiFePO4F and Li,FePO4F. The
refined structure of Li,FePO4F shows that the corner-shared
framework of the “FePO4F” lattice remains intact upon reduc-
tion to Li,FePO4F. Lithium insertion in the lattice is complex,
and two sites are occupied. Occupation of the first appears to
occur via a solid solution process (with respect to lithium
concentration), whereas occupation of the last site triggers two-
phase behavior. The overall 8.0% volume expansion of the lattice
upon insertion of one Li is a likely origin of the two-phase nature
of this compound.
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