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Abstract

We prepared LiF/Fe(V2O5) nanocomposites with varying (0–20 wt.%) V2O5 by high-energy ball milling and found a stable specific
capacity of 450 mA h g�1 for a period of 20 cycles without a noticeable reduction in capacity for the composite with 15 wt.% V2O5.
X-ray diffraction was unable to identify new phases present in the nanocomposite. To identify the phases formed during ball milling
and cycling, we collected in situ X-ray absorption spectra at the Fe K- and V K-edges. During the first charge, LiF/Fe was converted
to �35% FeF2, and during the second discharge, the initial V3.9+ oxidation state was reduced to V3.5+. Using principal component anal-
ysis, we decomposed the series of Fe K-edge spectra into three components consisting of Fe, FeF2 and a new phase, which was identified
by comparison with theoretical X-ray absorption near edge structure spectra of model compounds with tetrahedral and octahedral V
coordination and 57Fe Mössbauer spectroscopy to be the inverse spinel V[FeV]O4. From the calculations, we also identified the lithium
vanadate LixVO2�xFx. Both LixVO2�xFx and V[FeV]O4 have open crystal structures with the ability to reversibly store lithium in inter-
stitial lattice sites, and the effect of these compounds on capacity and cyclic stability of the LiF/Fe(V2O5) nanocomposites is discussed.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Extended X-ray absorption fine structure (EXAFS, XANES); Nanocomposite; Li-ion battery; Mixed conductor; Iron fluoride
1. Introduction

The battery systems in use today are typically based on
Li intercalation chemistry where the host lattice stays intact
upon cycling and up to one Li per formula unit is trans-
ferred during the charge and discharge processes. This lim-
its the total capacity of a typical transition metal oxide
material to 140–220 mA h g�1 [1]. Further increase of the
http://dx.doi.org/10.1016/j.actamat.2014.01.016
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capacity can only be achieved by using a different operation
principle, and novel materials, which are based on the con-
version principle, are being extensively studied [2]. These
conversion materials are able to transfer up to three
electrons per transition metal, and as a result the energy
densities are multiplied by the number of transferred elec-
trons. Typical theoretical specific capacities of metal fluo-
rides with high operating voltages (>2 V) suitable for
cathodes are in the order of 500–750 mA h g�1 [3], up to
five times higher than the earliest commercially available
LiCoO2 intercalation compound. In LiCoO2, the theoreti-
cal capacity of the cell is relatively low, at �130 mA h g�1,
eserved.

http://dx.doi.org/10.1016/j.actamat.2014.01.016
mailto:alexander.pohl@kit.edu
http://dx.doi.org/10.1016/j.actamat.2014.01.016
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(a)

(b)

Fig. 1. (a) Cycle performance of Fe/LiF(V2O5) nanocomposites with 10,
15 and 20 wt.% V2O5 and the control composite without addition of V2O5

(open symbols charge, closed symbols discharge, 20 mA g�1, 1.3–4.3 V,
30 h ball mill time). (b) XRD pattern of the as-prepared 15 wt.%
LiF/Fe(V2O5) nanocomposite. Symbols denote identified phases
(k = 0.7093 Å).
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because only 0.5 Li/Co can be reversibly cycled without
causing cell capacity loss due to changes in the LiCoO2

structure [1].
Fluorides have the advantage over other conversion

materials such as nitrides, oxides and sulfides [2], in that
the operation voltage is high due to the strong fluoride
bond. The F� ion has the highest electronegativity in the
periodic table and forms highly ionic M–F bonds. Conse-
quently, metal fluorides have an intrinsically high band
gap and are insulators, making it difficult to apply them
directly as cathode materials.

The traditional approach to enable reversible cycling of
transition metal (TM) fluoride cathodes is to mix the insu-
lating fluoride with conductive carbon [4,5]. The MFx/car-
bon composite materials show a good initial discharge
capacity, but cyclic stability is poor unless a high fraction
of carbon is added. The next attempt to improve the cycle
life of TM fluorides was to embed the material into a
matrix of mixed ionic and electric conductors. The mixed
conducting matrix (MCM) is typically a metal or semi-
metal with the ability to intercalate Li at potentials higher
than the TM conversion potential due to its open crystal
structure. A number of TM fluorides have been enabled
with MCMs:

(a) Badway et al. [6] showed a near theoretical discharge
capacity of a CuF2(MoO3) composite, although
reversible cycling was not possible. The mechanism
of the CuF2 transformation into nanoscale Cu parti-
cles was established in a later paper using in situ
X-ray absorption spectroscopy (XAS) [7] and it was
proven by comparison with macro-sized CuF2 that
the improvement in discharge capacity was directly
related to the MoO3 additive.

(b) Gmitter et al. [8] investigated the catalytic behaviour
of extremely small Bi metal particles on the decompo-
sition of cyclic and acyclic carbonate electrolytes in a
BiF3(MoS2) composite.

(c) Wu et al. [9,10] investigated the FeF3(V2O5, MoS2)
systems in two short papers. They started with the
charged state FeF3 and showed for the V2O5 doped
material a near-theoretical capacity of 209 mA h g�1

for the 1e� transfer in the voltage range 4.5–2.0 V.
The conversion reaction of FeF2 into Fe in the volt-
age range 2.0–1.3 V was not investigated and no
mechanistic details about the mode of action of the
MCM additive were given in the papers.

Adding V2O5 to the discharged state LiF/Fe has the
advantage that the as-prepared cathode contains a source
of lithium and could in principle be directly combined with
a carbonaceous anode, but this has not been studied to
date. We recently prepared LiF/Fe(V2O5) nanocomposites
with varying V2O5 content of 0, 10, 15 and 20 wt.% by
high-energy ball milling and found a superior improvement
in cyclic stability and capacity utilization compared to the
non-doped control composite (Fig. 1a) [11]. For the
15 wt.% LiF/Fe(V2O5) composite, we obtained a specific
capacity of 420 ± 5 mA h g�1 (total weight) for a period
of 20 cycles without a noticeable reduction in capacity,
and afterwards �270 ± 5 mA h g�1 up to the 50th cycle.
Surprisingly, the X-ray diffraction (XRD) pattern of the
as-prepared 15 wt.% LiF/Fe(V2O5) composite (Fig. 1b)
shows no reflections from V2O5 or any new phases, but
only reflections from the LiF and Fe starting materials.
As the vanadium-containing phases in the as-prepared
composite and during cycling could not be determined
from XRD, we collected in situ XAS data at the Institut

für Nukleare Entsorgung (INE) beamline of the ANKA
synchrotron during the first charge (Fe K-edge) and first
discharge (V K-edge) of the battery cell. We were interested
in determining the oxidation state and local structure of the
vanadium- and iron-containing species in these composites.

This paper is divided into two parts. In the first part, the
Fe and V valence states during cycling are extracted from
the chemical shift of the in situ X-ray absorption near edge
structure (XANES) spectra and the Fe local structure
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determined from extended X-ray absorption fine structure
(EXAFS) analysis. In the second part, we identify the
new mixed conducting matrices formed during ball milling
of LiF, Fe and V2O5 using a combination of principal
component analysis (PCA), Mössbauer spectroscopy and
theoretical calculations of XANES spectra of model com-
pounds. We then discuss the mechanistic details of how
the newly formed lithium and iron vanadates are able to
improve capacity and cyclic stability of the LiF/Fe(V2O5)
composites.

2. Experimental

2.1. Sample preparation

V2O5 (Sigma–Aldrich, 99.6%), Fe metal powder (Alfa
Aesar, �20 mesh, 99%) and LiF (Alfa Aesar, 99.99%,
Puratronic) were stored in an argon-filled glove box and
used as-received without further purification. Nanocom-
posites with (a) 15 wt.% V2O5 and a fixed Fe:LiF ratio of
1:3, (b) Fe:V2O5 (1:2) and (c) LiF:V2O5 (1:1) were prepared
by high-energy ball milling using a Fritsch planetary ball
mill. The starting materials were loaded into a 250 ml mill-
ing vial made of WC and sealed inside the glove box. Ball-
milling of the powder mixtures was conducted at 400 rpm
for 20 h with a ball-to-powder ratio of 60.

2.2. Characterization methods

2.2.1. Electrochemical characterization
Electrodes for in situ characterization were prepared by

adding 15 wt.% poly(vinylidene fluoride-co-hexafluoro-
propylene) (Kynar 2801, Elf Atochem), 15 wt.% carbon
black (Super C65, Timcal) and a few drops of N-methyl-
2-pyrrolidone (Sigma Aldrich, 99.5%) to 70 wt.% LiF/
Fe(V2O5) composite. The slurry was cast onto glassy car-
bon films (60 lm, HTW Germany) and a home-built bat-
tery cell was assembled in an argon-filled glove box using
two PE/PP/PE sheets (Celgard) as separator and saturated
with electrolyte (LP30, Merck) consisting of 1 M LiPF6 dis-
solved in a 1:1 mixture of ethylene carbonate and dimethyl
carbonate. The cells were tested in galvanostatic mode at
the beamline at 25 �C vs. Li foil (Goodfellow, 0.2 mm,
99.9%) at a constant current of 0.1 mA.

2.2.2. Physical characterization
Powder XRD patterns of the ball-milled nanocompos-

ites were collected using a STOE Stadi P diffractometer
equipped with a Dectris Mythen 1K linear silicon strip
detector and Ge(1 11) double crystal monochromator
(Mo Ka1 radiation, k = 0.7093 Å) in Debye–Scherrer cap-
illary mode. The samples were loaded into 0.7 mm glass
capillaries (Hilgenberg borosilicate glass No. 50) in an
argon-filled glove box. Profiles were refined using the
TOPAS software package [12].

For XAS measurements of reference materials, �10 mg
FeF3, FeF2, V2O5 and V2O3 were diluted with �60 mg
spectroscopic grade polyethylene and pressed into
12 � 1 mm discs using a Spex X-Press 3635 pellet press
with a pressure of 10 T within 2 min. The sample discs were
taped on a U-shaped sample holder with Kapton tape and
placed into the X-ray beam for transmission measure-
ments. For in situ measurements, the battery cell was
placed vertically into the X-ray beam and XAS data of
the LiF/Fe(V2O5) nanocomposite were collected in trans-
mission mode.

The synchrotron light source from a 1.5 T bending mag-
net at the INE beam line was monochromated using a
Lemonnier-type Si(11 1) double crystal for the Fe K-edge
(7.112 keV) and the V K-edge (5.465 keV), and was
detuned by 70% for harmonic rejection. The absorption
was measured using three ionization chambers filled with
N2 gas and equipped with Femto low current amplifiers.
The pre-edge region, �200 to �30 eV, was scanned with
3 eV s�1 up to �50 eV and afterwards with 2 eV s�1, and
the edge region, �30 to 30 eV, was scanned with 0.5 eV s�1

(relative to the absorption edge energy). The post-edge
region, k = 2.8–16.0 Å-1, was scanned with 0.03 Å-1 s�1 with
the accumulated time proportional to k0.5. For in situ
measurements, the energy ranges for the Fe K-edge and
V K-edge were reduced to k = 14 Å-1 and 13 Å-1, respec-
tively, for a collection time of �30 min per spectrum. For
V K-edge spectra, the edge region, �20 to 30 eV, was
scanned with a speed of 0.25 eV s�1. Spectra were aligned,
merged and the background subtracted with Athena [13].

Mössbauer spectra were recorded using a constant
acceleration-type spectrometer in transmission geometry
with a moving source of 57Co in a Rh matrix. Approxi-
mately 50 mg LiF/Fe(V2O5) composite was sealed into a
plastic bag inside an argon-filled glove box. The isomer
shift is given relative to a-Fe at room temperature.

2.2.3. Theoretical calculations

EXAFS data were analysed using the multiple scattering
approach implemented within Feff 6L [14] and V–O bond
distances were determined from the Fourier transform
(FT) of k2v(k) using Larch [15]. PCA was performed using
Fitit [16].

Calculations of XANES spectra were performed for the
set of possible compounds that could represent vanadium
local structure in the ball-milled composite. We have used
full-potential linearized augmented plane-wave approxima-
tion (FLAPW) implemented in the Wien2k program pack-
age [17,18]. The generalized gradient approximation within
the Perdew, Burke, Ernzerhof exchange–correlation func-
tional (GGA PBE) [19] was used for treatment of the
exchange–correlation interactions. It was found that V K-
edge XANES in the present compounds are well repro-
duced in the ground state approximation without a core
hole. The plane wave basis set and the number of k-points
in the reciprocal lattice were increased until variations in
the calculated spectral shape were converged. Energy con-
vergence in the self-consistent iteration procedure was bet-
ter than 1 meV. The core-level energies and Fermi level
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position were obtained from FLAPW simulations and were
used to determine the relative energy shift of the calculated
XANES spectra since this information was not available
for all model compounds. The charge state of V was deter-
mined from Bader analysis [20,21] of the electron density
for V reference compounds and model structures. The the-
oretical procedure is validated in Fig. S.1 for V2O3 and
V2O5 reference compounds.

3. Results

3.1. Part I: Valence states and local structure from in situ

XANES spectra

Voltage vs. time plots and the XANES spectra collected
at selected points are shown in Fig. 2. On the first charge,
the iron edge position shifts to higher energies, indicating
oxidation of Fe and at the same time the intensity of the main
edge increases. On the second discharge, there are two small
plateaus in the region 3.2–2.0 V followed by a long plateau at
1.8 V. In the V K-edge XANES spectra, the vanadium pre-
edge peak intensity decreased and the intensity of the main
edge increased. The FTs of k2v(k) of selected in situ spectra
collected at the Fe K-edge are shown in Fig. 3a. A peak at
1.5 Å, which corresponds to Fe–F distances in rutile FeF2,
starts to emerge as the voltage of the battery is raised from
2.0 to 4.2 V. At the same time, the intensities of the first
and third peaks at 2.20 Å and 4.50 Å, respectively, which
correspond to Fe–Fe distances in metallic Fe, are reduced.
In the V K-edge FT k2v(k) (Fig. 3b), there is only one
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Fig. 2. (a) Voltage and current vs. time plots of the in situ battery cell of the LiF
discharge from 3.5 to 1.7 V (solid line voltage, dashed line current). The symbol
(bottom left) and V K-edge (bottom right).
coordination shell at 1.6 Å corresponding to the first V–O
distances, which changes very little in intensity and position
as the battery is discharged. Second or third coordination
shells at higher r are completely absent, highlighting the
amorphous nature of the phase formed during ball milling.
We fitted the positions of the first peak in FT k2v(k) in the
series of spectra (a typical fit is shown in Fig. S.2) and
obtained a range of V–O bond distance of 2.02–2.08 Å (cf.
Table S.1) during cycling. The average V–O distance of
2.04(2) lies well within the range of values (1.94–2.08 Å)
found for V in octahedral coordination in various vanadium
oxides, lithium vanadium oxides and iron vanadates (cf.
Table S.2). The V–O bond distances did not change much
during cycling, indicating that no major structural transfor-
mations occurred.

Kunzl’s law states that the energy shift varies linearly with
the valence of the absorbing atom [22]. The spectra of V
metal, V2O3 and V2O5 have well defined pre-edge peaks
and from the position of the pre-edge an oxidation state cal-
ibration curve was constructed (cf. Fig. S.3). The change of
the pre-edge position in the V K-edge spectra of the cell was
used to determine the vanadium oxidation state during the
first discharge of the cell. Fig. 4 shows that the V oxidation
state changed from V3.9+ at 4 V to V3.5+ at 1.7 V after 22 h
of discharge. If we assume that LixV2O5 has formed, this oxi-
dation state range would correspond to x = 2.2–2.9, consis-
tent with the maximum Li intercalated compound Li3V2O5

[23]. In the case of LixVO2, x would correspond to
0.10–0.45, consistent with deintercalation of LiVO2, where
Li can be extracted up to x = 0.1 [24].
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We conclude that from a point of the V oxidation state,
the formation of both LixV2O5 and LixVO2 phases during
the first discharge could be possible. Further analysis of the
vanadium local atomic structure along with verification of
Fe K-edge EXAFS data is based on quantitative theoreti-
cal analysis of XANES data.

3.2. Part II: Identification of the mixed conducting matrix

3.2.1. PCA

We have used the PCA [16] tool to mathematically
decompose the series of the Fe K-edge spectra at different
voltages into independent sub-spectra. It was found that
the series of spectra can be reproduced as a combination
of three components. To obtain the concentrations of these
components and the corresponding XANES spectra, we
have assumed that the main component in the composite
is pure iron (this is confirmed also by Mössbauer data).
The shapes of the other two components were determined
using physical constraints – the concentrations should be
positive and concentration of the component responsible
for lithium storage should be constant (cf. Fig. S.4). The
PCA analysis shown in Fig. 5 confirms that Fe/LiF
converts into FeF2 during charge, and at 3.9 V the concen-
tration of FeF2 has reached �35 wt.%. Surprisingly, we
found that �25 wt.% of a new component was already
present in the as-prepared cell at open circuit potential,
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although no current was applied to the cell yet. Therefore,
the new phase could not have formed electrochemically,
but must have formed during ball milling. Since there are
no new phases in the XRD pattern (cf. Fig. 1b) of the as-
prepared 15 wt.% LiF/Fe(V2O5) composite, this phase
should be amorphous. As will be shown below, the third
component can be regarded as a highly disordered inverse
spinel V[FeV]O4 with short range order of octahedral and
tetrahedral coordination polyhedra. To confirm our initial
guess, we used Mössbauer spectroscopy to determine the
Fe valence state in the as-prepared composite and theoret-
ical calculations of XANES spectra for V compounds with
tetrahedral and octahedral V coordination.

3.2.2. Mössbauer spectroscopy

The Mössbauer spectrum of the as-prepared 15 wt.%
LiF/Fe(V2O5) composite shows a large sextet from metallic
Fe0, a smaller Fe2+ doublet and a very small Fe3+ singlet
(Fig. 6a). The corresponding Mössbauer parameters are
summarized in Table 1. The presence of a Fe0 sextet rather
than a doublet or singlet indicates that the Fe grains after
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(top) and Fe(V2O5) (bottom). The isomer shift is given relative to a-Fe.

Table 1
Mössbauer parameters IS, quadrupole splitting QS and hyperfine splitting (BH

Composite Oxide Type Area (%) IS (mm

LiF/Fe(V2O5) a-Fe Sextet 75.9 0.06
Fe2+ Doublet 21.6 1.02
Fe3+ Singlet 2.5 0.25

Fe(V2O5) Fe2+ Doublet 4.4 1.14
Fe3+ Doublet 95.6 0.41
ball milling must be larger than �6 nm, the critical grain
size where the Fe hyperfine splitting disappears due to
the very small size of the Fe particles [25]. The Fe2+ doublet
has an isomer shift (IS) of 1.02 mm s�1 and a large quadru-
pole splitting (QS) of 1.79 mm s�1, which are both too
small for crystalline or nanosize FeF2 [26] (IS 1.33 mm s�1,
QS 2.78 mm s�1). This precludes a simple reaction of Li
with V2O5 with concomitant formation of FeF2. Dyar
et al. [27] have published a diagram which shows isomer
shift vs. quadrupole splitting for a large number of rock-
forming minerals. They identified clusters of parameters
where iron in its most stable oxidation states Fe0, Fe2+

and Fe3+ are either four-, six- or eight-fold coordinated.
According to this study, an IS of 1.02 mm s�1 is indicative
of a Fe2+ state in an octahedral environment and is com-
patible with an iron oxide spinel structure, and for Fe[V2]-
O4, IS values of 1.13 mm s�1 [28], 1.07 mm s�1 [29] and
0.91 mm s�1 [30] have been reported.

The Mössbauer spectra of the iron oxide spinels have
been investigated by Gupta and Mathur [28] and Yagnik
and Mathur [31] and show singlet or doublet resonance
lines depending on which crystallographic site in A[B2]X4

spinel (A, B or both) the Fe ions are located. Fe ions
located only on the tetrahedral A sites, denoted as Fe[M2]-
O4, show a spectrum with a single line due to the a small
electric-field gradient and hence a vanishing QS. Fe ions
present only at octahedral B sites, denoted as M[Fe2]O4,
show a spectrum consisting of one doublet with a quadru-
pole splitting due to the trigonal field (non-cubic symme-
try) at the B sites. If additionally the metal ions (same
element or different elements) on the B site have a different
charge, the quadrupole splitting is enlarged due to the elec-
tric field gradient produced by the asymmetric charge dis-
tribution on the 12 neighbours of each A site. As we
observe one doublet with a large QS of 1.79 mm s�1, we
conclude that the Fe2+ phase seen in both the XANES
and Mössbauer spectra of the LiF/Fe(V2O5) composite
could be the inverse spinel V3+[Fe2+V3+]O4, with Fe and
V sharing the octahedral B sites. The Fe3+ singlet was
included in the fit to account for the strong asymmetry of
the Fe2+ doublet, which could be due to a very small
amount of Fe3+ ions occupying the tetrahedral A site.

3.2.3. Comparison of XANES spectra with literature

At the simplest level, XANES spectra were compared
with literature spectra and used as a fingerprint method.
Fig. 7a shows the experimental V K-edge XANES
F).

s�1) QS (mm s�1) BHF (T) Composition (wt.%)

– 33.1 V2O5: 15.0
1.79 – LiF: 49.4
– – Fe: 35.6

1.82 – V2O5: 86.6
0.77 – Fe: 13.3
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spectrum of the cell at open circuit voltage in comparison
with vanadium oxide reference spectra measured by us
and Wong et al. [32]. It can be seen immediately that none
of the oxide spectra is matching the experimental spectrum
of the LiF/Fe(V2O5) composite particularly well. The main
edge of our experimental spectrum is much larger and the
pre-edge much smaller compared to the starting material
V2O5, indicating that a new compound was formed. Spec-
tra with distorted octahedral VO6 coordination, i.e. VO2,
V4O7 and V2O3 (cf. Fig. 7a and Table S.2), seems to have
the right intensity of the pre-edge, but our experimental
spectrum shows a much higher intensity of the main
absorption edge.

A good match for our experimental spectrum is found
with LixV2O5 prepared by chemical Li intercalation into
the V2O5 host lattice (Fig. 7b) [33]. With increasing lithium
concentration x, the main edge intensity increases and the
pre-edge decreases. The best match is found at a maximum
intercalation of x = 2.46. Unfortunately, the structure of
LixV2O5 (x > 1) is not known and highly disordered, and
Li-intercalation was found to be irreversible when x > 1
[34]. The mixed conducting matrix, however, can only be
effective if Li intercalation, and therefore Li ionic conduc-
tivity, is reversible. As experimental XANES data on lith-
ium and iron vanadates are sparse, in the following
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section we perform calculations for different in the litera-
ture available Li–V–O phases and Fe–V–O phases with tet-
rahedral and octahedral V coordination and compare them
with the experimental XANES spectrum of the ball-milled
composite.

3.2.4. Theoretical calculation of XANES model spectra

Fig. 8 shows the simulations for several Li–V–O and Fe–
V–O compounds with known crystal structures. XANES
probes a short range order and the photoelectron wave
scatters efficiently only within 1 nm around the photo-
excited atom. In the case of our nanocomposite, the contri-
bution to the X-ray absorption signal from amorphous
phases and from nanocrystallites with a size of 1 nm would
be similar. Both these cases cannot be detected by labora-
tory XRD.

Considering the high main edge intensity of the experi-
mental spectrum, octahedral VO6 coordination as found
e.g. in LiVO2 is more probable than square-pyramidal
VO5 or tetrahedral VO4 coordination. The spectra of LiV2-

O5 with square-pyramidal or FeVO4 and LiVO3 with tetra-
hedral V coordination show intense pre-edge features due
to p–d hybridization effects [35]. However, the oxygen octa-
hedra around vanadium in LiVO2 are not distorted, and
Fig. 8. FLAPW calculations for the series of lithium vanadates and iron
vanadates with local octahedral (red) and tetrahedral (blue) vanadium
environment. Upper black curve is the experimental V K-edge XANES
spectrum for the ball-milled composite with (a) pre-edge, (b) main edge
and (c) post-edge peaks. V[FeV]O4 has vanadium on two non-equivalent
sites denoted by (�*) and both sub-spectra are shown. (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. XRD patterns of as-prepared nanocomposites: (a) Fe(V2O5) and
(b) LiF(V2O5). Symbols denote identified phases (k = 0.7093 Å).
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thus the pre-edge intensity is smaller than in the experi-
ment. The inverse spinel V[FeV]O4, which we derived from
Fe3+[Fe2+V]O4 by changing the Fe3+ atom on the tetrahe-
dral site (8a) into a V3+ atom [36], is a special case as the
crystal structure consists of both V in octahedral as well
as in tetrahedral coordination. We calculated V K-edge
XANES spectra for the two non-equivalent V positions
in V[FeV]O4. The superimposed spectrum shown in
Fig. 9a has therefore a pre-edge due to p–d hybridization
in tetrahedral coordination and a high main edge due to
V in octahedral coordination, and resembles the experi-
mental spectrum well. Additionally, the calculated Fe K-
edge spectrum of V[FeV]O4 shown in Fig. 9b also matches
the PCA spectrum of the new Fe2+ component and shows a
very high main edge due to Fe on the octahedral sites.

3.2.5. Reactions of Fe and LiF with V2O5

As the new lithium and iron vanadates in LiF/Fe(V2O5)
are amorphous, we tried to prepare more crystalline com-
pounds in higher concentrations by ball milling mixtures
of LiF(V2O5) and Fe(V2O5) and to see whether LiF and
Fe could be independently inserted into the structure of
V2O5.
(a)

(b)

Fig. 9. Comparison of the FLAPW theoretical spectra of the mixed
conducting matrix V[FeV]O4 with (a) the experimental V K-edge spectrum
of LiF/Fe(V2O5) and (b) the extracted Fe K-edge PCA spectrum of the
new phase. The total V K-edge spectrum of V[FeV]O4 was obtained by a
superposition of spectra with octahedral and tetrahedral V positions (cf.
Fig. 8).
After ball milling Fe(V2O5), we observed a colour
change from orange/grey to black, with a similar black col-
our as the LiF/Fe(V2O5) composite used for the XAS
experiments. The XRD pattern in Fig. 10a shows reflec-
tions of a new, highly disordered phase. The Mössbauer
spectrum of the Fe(V2O5) composite in Fig. 6b consists
of a large Fe3+ doublet and a small Fe2+ doublet (cf.
Table 1). Both doublets are compatible with Fe on octahe-
dral B sites in iron oxide spinels [27], but it is not clear from
XRD that the compound formed is single phase. The XRD
pattern of LiF(V2O5) in Fig. 10b shows reflections of the
starting materials V2O5 and LiF, and reflections of a new
phase, which could be indexed on a monoclinic cell with
a = 10.102(4) Å, b = 3.602(1) Å, c = 15.347(6) Å and
b = 109.79(4)� (A2/m, Rwp = 10.13%) and identified as
LixV2O5 [37].

4. Discussion

From calculations of both Fe and V K-edge XANES
spectra of model structures with tetrahedral and octahedral
V coordination, the V[FeV]O4 inverse spinel and LiVO2 are
good candidates for the MCMs formed during prepara-
tion. The fraction of the octahedrally coordinated vana-
dium in the LiVO2 cannot be excluded because of the
similarity of the V K-edge XANES spectra for the series
of octahedrally coordinated compounds. During cycling,
Fe converts into FeF2 and the concentration and structure
of the mixed conducting matrices V[FeV]O4 and LiVO2

change very little during charge/discharge since changes
in V K-edge XANES are very small. The formation of
V[FeV]O4 according to

V2O5 þ Fe! V½FeV�O4 þ 1=2 O2 ð1Þ
is supported by the Mössbauer spectrum, which indicates

that Fe was oxidized to Fe2+ and the Mössbauer parameters
are compatible with Fe on the octahedral site in the spinel
structure. From the Fe(V2O5) and LiF(V2O5) composites,
it is known that it is possible to intercalate both Li or LiF
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with concomitant F�/oxygen exchange and Fe into the
structure of V2O5 under ball milling conditions. As soon as
metallic Fe is in the reaction mixture, the composite turned
black, indicating that a reaction took place. But when using
LiF without Fe, we did not observe a colour change and the
V2O5 framework stayed intact. Most probably the presence
of Fe leads to the formation of a cubic spinel framework with
a rearrangement of VO5 layers. Fe in its compounds is usu-
ally in the form of Fe2+ and Fe3+ valence states and is there-
fore able to donate electrons for the reduction of V5+.
Consequently, ball milling FeF3 with V2O5 does not form
new phases as Fe is already in its highest Fe3+ oxidation state
[9]. V2O5 consists of layers made from edge and corner shar-
ing VO5 square pyramids with alternating pairs of pyramids
pointing upwards and downwards [38]. There is plenty of
space between the layers to accommodate other metal ions
such as Li+, e.g. e-LiV2O5 [39] and Ca2+, e.g. CaV2O5 [40].
The reducing strengths of Fe metal under ball milling
conditions leads to a reduction of V5+ and a concomitant
rearrangement of the VO5 layers into a three-dimensional
(3-D) [V2]O4 spinel framework. In the V[FeV]O4 spinel,
the O2� anions form a cubic-close-packed array, and the V
cations on the A site occupy 1/8 of the 8c tetrahedral inter-
stices and Fe/V on the B site occupy 1/2 of the 16d octahedral
sites. Consequently, Li insertion into spinels occurs via diffu-
sion through 3-D channels of vacant tetrahedral and octahe-
dral interstices.

Little is known about the Li intercalation chemistry of
iron vanadates, especially the electrochemical potential at
which this process occurs. In the vanadium oxide spinel
LixV2O4, Li can be inserted topotactically at a potential
of 2.2 V with retention of the [V2]O4 framework up to a
composition of Li2V2O4 [41]. During lithiation, Li fills
the 16c octahedral vacancies and Li on the tetrahedral 8a

sites is displaced to the 16c sites giving a defect rock-salt
structure. In theory, it should be possible to lithiate
V[FeV]O4, but this has not been studied yet. The isostruc-
tural V[ZnV]O4 spinel [42] has a peak in the cyclovoltam-
mogram in the range 1.8–2.2 V, compatible with the
plateau at 2.0–2.2 V in the first discharge curve of our com-
posite. It would be possible that this plateau corresponds to
Li insertion into V[FeV]O4, assuming that the potentials of
Zn and Fe are similar. In general, the voltage of the oxide
spinels can be tailored by changing the metal cation on the
B sites of the framework [43].

The formation of LiVO2 occurs most likely via interca-
lation of LiF into V2O5 according to

V2O5 þ xLiF! LixVO2�xFx þ 1=2 O2 ð2Þ
and the VO5 pentagonal pyramids rearrange into layers

of edge-sharing VO6 octahedra as found in e-LiVO2 [39].
The space between the layers in LixVO2�xFx is occupied
by Li+ cations and the F� anions are incorporated into
the structure as VO6�xFx mixed octahedra. Such F�/O2�

anion exchange has been previously observed in CuF2

(MoO3), where during ball milling MoO3�xFx was formed
[6,7]. LiVO2 is a good electronic conductor with better per-
formance compared to the well-known V2O5. The high
electronic conductivity is arising from the mixed valence
V3+/V5+ and from structural resistance to lattice shearing
during cycling. VO2 aerogels show capacities as high as
500 mA h g�1 [44] and intercalate Li at a potential of
2.5 V, compatible with the first plateau at 3.2–2.5 V in
the discharge curve of our composite. The V oxidation
state of the LiF/Fe(V2O5) composite changed from V3.9+

to V3.5+ during the first discharge, which is very likely
due to Li intercalation into LixVO2�xF and V[FeV]O4.
During high-energy ball milling, solid state reactions such
as metathesis reactions, anion exchange and structural
rearrangements are promoted because of the very high
local heat and mechanical force induced into the reaction
mixture by the planetary milling process.

5. Conclusions

We found that the addition of V2O5 to a mixture of Fe
and LiF improves the cycle life of the composite dramati-
cally. A stable capacity of 400 mA h g�1 was obtained over
25 cycles, enabling the reversible cycling of the material.
During ball milling of LiF/Fe(V2O5), an MCM consisting
of LixVO2�xFx and V[FeV]O4 phases is formed, which is
responsible for the performance improvement. The Fe/
LiF nanodomains are able to convert to FeF2 only if elec-
trons and Li ions can be delivered to the Fe/LiF particles
simultaneously. This works because the MCM has an open
structure and can conduct Li ions, and at the same time
electrons because of its semi-metallic properties. The
MCM is therefore able to achieve what, for example, con-
ductive carbon alone could not do. We found that the V
oxidation state was reduced from V5+ to V3.9+ during ball
milling and further to V3.5+ during the first discharge. The
XANES spectrum of the LiF/Fe(V2O5) composite could be
reproduced with a number of model compounds with tetra-
hedral and octahedral V coordination. Among the calcu-
lated structures, LiVO2 and V[FeV]O4 show the best
agreement with the experimental spectrum. LiVO2 has reg-
ular VO6 octahedra which are responsible for a main edge
with high intensity, whereas V[FeV]O4 has V on tetrahedral
and octahedral lattice sites and produces a high main edge
and a pre-edge peak due to VO4 coordination. The combi-
nation of these two compounds reproduces the experimen-
tal spectrum remarkably well.
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