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Abstract

Fe K-edge X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) have been performed
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n electrodes containing LiFePO4 to determine the local atomic and electronic structure and their stability with electrochemical cyc
ersatile electrochemical in situ cell has been constructed for long-term soft and hard X-ray experiments for the structural inves
attery electrodes during the lithium-insertion/extraction processes. The device is used here for an X-ray absorption spectrosco

ithium insertion/extraction in a LiFePO4 electrode, where the electrode contained about 7.7 mg of LiFePO4 on a 20�m thick Al-foil. Fe
-edge X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) have been
n this electrode to determine the local atomic and electronic structure and their stability with electrochemical cycling. The in
LiFePO4) showed iron to be in the Fe2+ state corresponding to the initial state (0.0 mAh) of the cell, whereas in the delithiated state (4)
ron was found to be in the Fe3+ state corresponding to the final charged state (3 mAh). XANES region of the XAS spectra reveale
pin configuration for the two states (Fe (II), d6 and Fe (III), d5). The results confirm that the olivine structure of the LiFePO4 and FePO4 is
etained by the electrodes in agreement with the XRD observations reported previously. These results confirm that LiFePO4 cathode materia
etains good structural short-range order leading to superior cycling capability.

2005 Elsevier Ltd. All rights reserved.

eywords:Fe K-edge; X-ray absorption near edge spectroscopy; Electrodes

. Introduction

The emergence of portable telecommunications, com-
uter equipment and, ultimately, electric and hybrid vehicles
as created a growing demand for improvements in energy
torage devices that are cost effective, operate for a longer
ime, and are smaller in size and weight[1]. Transition metal
xides have been investigated as active cathode materials
ecause of their high potential versus Li/Li+ and in many
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of the materials a large proportion of the lithium can
inserted/extracted reversibly.

Lithium insertion has been investigated in several
containing compounds such as Li3FeN2 [2], LiFe5O8 [3],
Fe3O4 [4], Fe2O3 [5] and FePS3 [6]. These compounds re
on a Fe3+/Fe2+ redox couple and hence have a low op
circuit voltage versus Li/Li+. The substitution of oxygen by
polyanion MO4

3− like sulfate or phosphate lowers the Fe
level of the Fe3+/Fe2+ redox couple and thereby increa
the cell potential[7–9]. This effect is more pronounced f
compounds with fewer covalent FeO bonds, where M i
MO4

3− determines the strength of the FeO covalency via a
inductive effect[10]. Since the demonstration of reversi
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electrochemical lithium insertion–extraction for LiFePO4
in 1997 [11], lithium transition metal phosphates with an
ordered olivine structure, LiMPO4 (M = Co, Ni, Mn, Fe,
Cu) have attracted much attention as promising new cathode
materials for rechargeable lithium batteries[12–15]. One
of the most promising candidates for rechargeable lithium
cells is LiFePO4, with a theoretical capacity of 170 mAh/g
[11] and a voltage of >3.4 V versus Li/Li+. LiFePO4 is
inexpensive, non-toxic, non-hygroscopic and environmen-
tally friendly. It occurs in nature as the mineral triphylite,
which has an orthorhombic unit cell (space groupPmna)
[16] and often contains varying amounts of manganese as
in LiFexMn1− xPO4. Both Li and M atoms are in octahedral
sites with Li located in the 4a and M in the 4c positions. The
oxygen atoms are nearly hexagonal closed-packed and the
M atoms occupy zigzag chains of corner-shared octahedra
running parallel to thec-axis in alternatea–c planes.
These chains are bridged by corner- and edge-sharing
PO4

3− polyanions to form a host structure with strong
three-dimensional bonding. The Li+ ions in the 4a sites form
continuous linear chains of edge-shared octahedra running
parallel to thec-axis in the othera–cplanes. The Ptet-O-Feoct
linkage in the structure induces a superexchange interaction
that tunes the Fe3+/Fe2+ redox energy to useful levels (3.4 V)
[11]. The stable nature of the olivine-type structure having a
PO 3− polyanion with a strong PO covalent bond provides
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on bifunctional oxygen diffusion electrodes containing
La1− xCaxCoO3, which is used as a catalyst in these
electrodes[24,25]. XAS studies on Li1− xNi0.85Co0.15O2
and LixNi0.8Co0.2O2 cathode materials were performed to
elucidate the changes in the oxidation state, bond lengths
and coordination numbers of these materials[26,27].
Though there have been many cell designs, which until now
have been successfully tested for short-term experiments,
very few studies exist wherein cells have been used for
experiments which extend for several days or even a week.
After overcoming many obstacles, a transmission in situ
XAS study was performed on nickel oxide electrodes by
McBreen et al.[28] to observe the change in structure during
electrochemical oxidation. Due to the known limitations
of in situ investigations e.g. difficult cycling set-up and
complicated multi-element assembly of a working cell,
these experiments are more complicated compared to ex situ
measurements. A few workarounds have been developed by
cycling and disassembling cells at appropriate electrochemi-
cal conditions, in this case a post mortem analysis is possible
and the results may be substantially altered by examining
states of the material which are not present under operating
conditions. Upon charging and discharging a cell the lithium
ions are extracted and inserted from the electrode material
and this reaction is seriously limited by diffusion and may
take hours to reach equilibrium. Since we are interested in
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ot only excellent cycle-life but also a safe system. The

hat all oxygen atoms are not only bonded to Fe but
trongly bonded to phosphorous is advantageous fo
afety of the battery since oxygen is less likely to be rele
t elevated temperature which makes oxygen ignitio

he organic electrolyte an unlikely accident. Low utilizat
ue to conductivity problems within the electrode and s
lectron transfer kinetics at the iron phosphate reta

ts application to start with. Special coatings, small g
ize and substitution of part of the iron by other metals
oncepts to ameliorate these unattractive properties. W
he electrode is fully charged, the reactivity with reg
o the combustion reaction with the organic electro
s low [15].

Synchrotron based X-ray absorption spectroscopy
ery useful tool to investigate the structural and electr
roperties of electrode materials. X-ray absorption near
pectroscopy (XANES) is an element-specific techn
ensitive to the local atomic and electronic structure
he element of interest[17]. XANES and extended X-ra
bsorption fine-structure spectroscopic (EXAFS) stu
ave revealed details about the local coordination,
ymmetry, oxidation state, and bond character in Mn ox
nd Mn-containing molecular compounds[18–21]. In order

o study the atomic and electronic structure of these mate
nd understand the changes occurring upon cycling
erformed in situ Fe XANES and EXAFS on this mater

n the last few years the use of XAS in electrochemistr
tudy battery and fuel cell electrodes has gained mome
22,23]. Recently XAS has been used to study cata
tudying the changes in the electrode material which
epend on the number of charge and discharge cycle
xperiments can last as long as several weeks or even m
ere we used an in situ cell that is reusable and uti
apton X-ray windows, is convenient to assemble in
love box, and is portable. The effective design of the in
ell allows us to cycle the cell for several weeks without
oticeable traces of corrosion of the lithium metal cou
lectrode. For a complete description and design of this n
lectrochemical XAS cell the reader is referred to Deb a

29]. In contrast to the earlier work[29] where we have onl
onsidered the initial and the final states during charging
ur discussion here we have shown the results for the va
tates during the charging cycle, and have clearly shown
his promising material is changing during cycling. This
een done by studying the changes in the short-range
f the Fe O and Fe P distances at various stages of
harging cycle.

. Experimental procedures

The LiFePO4 powder used in this study was synthesi
sing the starting materials Fe(NO3)3.9H2O (iron nitrate
ldrich), Li(CH3COO)2.2H2O (lithium acetate, Aldrich)
3PO4 (phosphoric acid, Sigma) and HOCH2COOH

glycolic acid, Aldrich). The metal compounds were fi
issolved in phosphoric acid and deionized water.
olution was mixed until homogenous and was adde
lycolic acid (1:2 metal:glycolic acid ratio). Ammoniu
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hydroxide was added to the solution to adjust the pH between
8.5 and 9.5. The solution was heated to 70–80◦C under
N2 until a gel was formed. This gel was then transferred
to an alumina boat, heated slowly to 500◦C under flowing
N2, and then decomposed at that temperature for 10 h. The
resultant powders were ground, dried, and then heated to
600 or 700◦C under a flow of N2 gas, for 5–15 h. The
reader is referred to Doeff et al.[30] for further details of
the preparation of the electrodes containing LiFePO4. The
product was a single phase, as was verified by X-ray diffrac-
tion (XRD). The in situ cell was cycled galvanostatically
using a Princeton Applied Research potentiostat/galvanostat
(model Versa).

The X-ray absorption measurements, which included both
XANES and EXAFS techniques, were performed on the
bending magnet beam line DND-CAT of the Advanced Pho-
ton Source at Argonne National Laboratory, with 100 mA
current at the top of the fill. A Si(1 1 1) double crystal
monochromator was used for energy selection and the energy
resolution of the monochromatic beam was determined to
be about 1 eV as measured by the rocking curve width of
the second crystal, while an active feedback loop maintained
the peak reflectivity of the monochromator. The large har-
monic content in the beam was rejected, by employing a
platinum-coated mirror. All the measurements were recorded
in the transmission mode using three ion chambers in series
t
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3. Results and discussion

The structure of LiFePO4 has been investigated by a num-
ber of groups[32,33]. The structure shows the unit cell
containing four LiFePO4 units. The O-sites form a nearly
tetrahedral arrangement around the Phosphorus-sites and an
approximately octahedral arrangement around each Fe-site.
There are channels along theb-axis, which can accommodate
the mobile Li-ions. When Li+ are removed electrochemi-
cally the remaining FePO4 framework has the samePnma
symmetry with a 7% reduced volume[34,35]. There are
three different positions and four different interatomic FeO
distances (2× 2.2506Å equatorial, 2× 2.0639Å equatorial,
1× 2.2034Å axial, 1× 2.1077Å axial). The cell had an elec-
trode area of 3.14 cm2, and was charged at a current density of
1 mA/cm2, which corresponds to a 3 h charge rate. EXAFS
measurements were recorded at different states of charge.
Here for clarity we will be presenting the results observed at
states of charge A (0.0 mAh), B (0.75 mAh), C (1.5 mAh), D
(2.25 mAh) and E (3.0 mAh), respectively. For the potential-
time charging curve during the electrochemical oxidation the
reader is referred to Deb et al.[29]. The XANES regions of
the X-ray absorption spectra are shown inFig. 1. It shows a
rather strong shift of the main edge (Fe 1s→ 4p transition
and 1s→ continuum transition) at the different states (A–E)
measured during the charging process, which is mainly due
t mple
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o measure the intensities of the incident beamI0, the beam
ransmitted by the sampleIt and the beam subsequently tra
itted by the reference foilIref. The intensities of the incide
nd the transmitted X-rays were monitored by nitrogen
elium filled ionization chambers. The monochromator
canned in energy from 312 below to 1050 eV above th
absorption edge (7112 eV). The Fe K-edge X-ray abs

ion spectra were measured in transmission mode at
emperature. Transmission ion chambers were used to
ure the incident (I0), transmitted (It), and reference (Iref)
ignals. A 9�m thick Fe foil was used as a reference,
oth foil andIref detectors were positioned behind the sam
long the direction [X-ray beam/I0-detector/sample/Isample-
etector/Fe-foil/Iref-detector]. Data were collected using
.1 eV step size through the edge region and a var
tep size, giving�kmax= 0.05Å−1 for the EXAFS region
eduction of the absorption data was performed using
XAFSPAK analysis package available from SSRL. Tra
ission data from scans of each sample were averaged a
ackground was subtracted using a straight line from 68
085 eV. The XANES were normalized using a quartic sp
t through the background. Theχ(k) function was weighte
ith k3 to account for damping of oscillations with increas

. The radial structure function was obtained by Fourier tr
orm of k3χ(k) using ak-range of 1.5–16.4̊A−1. Thek range
as adjusted until the radial structure function exhibited
nexpected peaks below the anticipated FeO distance. Th
XAFSPAK was also used to fit the EXAFS spectrum w

heoretical scattering paths, which were generated with F
code[31].
o the change in the valence state of the iron in the sa
uring the charging process. The 1s electron of the Fe
ompound is more strongly bonded to the Fe nucleus th
he Fe(II) compound. The edge is shifted by about 4 eV,
his is attributed to the change in valence state of iron in
ample during the charging process. In addition, differe
n the weaker forbidden pre-edge transitions Fe 1s→ 3d can
e seen and the main edge is also structured differently
hift of the main edge from state A to E is due to the fact
he 1s electron in the Fe3+ state is more strongly bonded

ig. 1. Calibrated and normalized XANES data at the Fe K edge d
harge. The A (0 mAh), B (0.75 mAh), C (1.50 mAh), D (2.25 mAh), an
3.0 mAh) in the figure represent the different stages in the charge p
t which the X-ray measurements were performed.
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Fig. 2. Pre-edge region of the XAS spectra, which show the t2g and eg
absorption bands at the stages A (LiFePO4) and E (FePO4).

the nucleus than in the Fe2+ state.Fig. 2shows the dipole for-
bidden pre-edge transitions attributed to Fe 1s→ 3d bands.
The ligand field resulting from the phosphate oxygen atoms,
which are octahedrally co-ordinated to the iron, splits the 3d
states into t2g and eg states. One can expect additional split-
ting of these states as the oxygen atoms deviate from the
normal octahedral coordination (the FeO distances change
by about 0.2̊A). Thus the observed splitting of the 3d states
resulted from the crystal field splitting of the t2g and eg energy
levels. Previous observation reveals a 2 eV energy difference
between the t2g and eg bands for octahedrally coordinated
transition metal compounds[36], which is consistent with
our observation here during the charging process from state
A–E. Holzwarth et al.[35] showed with their DOS calcu-
lations that the ferromagnetic spin configuration (high spin)
is the most stable configuration for both the LiFePO4 and
FePO4. This is also confirmed by magnetic moment measure-
ments of this compound[37–40]. Analogous to Holzwarth et
al. [35] Yamada et al.[14] showed that the 3d electrons of Fe
in FePO4 and LiFePO4 are high spin. Since the Fe sites are
in approximately octahedral environment the O2− ions split
the 3d states into t2g and eg states and the Fermi level lies in
the Fe 3d states. With deviation from the octahedral symme-
try, interaction of the O 2p and Fe 3d orbitals causes further
splitting of these states. The mixing of the O 2p and the Fe
3
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Fig. 3. (a) XANES spectra of the model compounds: Fe2O3 (short dash),
Fe(acac)3 (dash-dot), FeCp2 (dash-dot-dot) and FePO4 (solid line). The inset
shows the comparison of the XANES spectrum recorded at the stage E
(solid line), with respect to the other Fe3+ model compounds, in octahedral
symmetry [�-Fe2O3 (short dash) and Fe(acac)3 (dash-dot)]. The axes in the
inset are the same as in (a). (b) Magnified 1s→ 3d pre-edge of XANES
spectra for the model compounds. The different line codes are the same as in
Fig. 3a. The four spectra have been vertically shifted for clarity. The arrows
represent the position of the pre-edge peaks.

shown for better understanding of the reader. FePO4 was
chosen as an example of Fe3+ in tetrahedral coordination
and �-Fe2O3 and Fe(acac)3 were chosen as examples of
Fe3+ in octahedral symmetry. FeCp2 has been chosen as an
example of a Fe2+ compound (where, Cp = cyclopentadienyl,
acac = acetylacetonate). FePO4 is usually considered as a
perfect model for Fe in tetrahedral co-ordination[41] while
FeCp2 is a known stable sandwich compound and the X-ray
structure of ferrocene indicated a molecular center of sym-
metry[41] (D5d symmetry). The XANES spectra of the four
model compounds are shown inFig. 3. The three compounds
containing ferric species are observed to exhibit a K-edge at
significantly higher energy (7122.3–7123.2 eV) with respect
to FeCp2 (7119.3 eV). Though the exact edge position of an
element in a material is also defined by the co-ordination
ligands and their local symmetry around the absorbing atom
(which explains the observed small difference of <0.1 eV,
d orbitals increases the transition probability of the 1s→ 3d
ransition (which is dipole forbidden). As the eg orbitals over
ap better with the 2p orbitals, the transition probability tog

tates would be higher. In the case of FePO4 [Fe3+, d5] it
ould be more pronounced as the eg states are less occupi
s compared to the Fe (II) compound.

Now turning our attention to the pre-edge feature,
ntensity of the pre-edge for the sample at the oxidized

is similar to that for the sample at state A, indica
hat the oxygen atoms retain the octahedral coordina
ere a comparison with appropriate model compou
ith well-defined oxidation and coordination states
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among FePO4, Fe2O3 and Fe(acac)3), the main underlying
factor which determines the energy required to induce the
photoelectric effect on a 1s electron is the oxidation state of
the absorbing atom. Hence, more energy is required to ionize
the deshielded metal ion with a higher electron deficit, and
this explains the resulting consistent edge shift in the Fe2+

compounds with respect of the Fe3+ compounds considered
here. This interpretation is also true for our observed consis-
tent edge shift in the charging process of the electrode from
the initial state A (Fe2+) to the final state E (Fe3+) [Fig. 1]. By
electrochemical delithiation during charging of the cell, the
stoichiometry changes from LixFePO4 to FePO4, and conse-
quently, iron is oxidized from Fe2+ (stage A) to Fe3+ (stage
E). The corresponding XANES for the stage E, was recorded
approximately 3 h after the charging was started. The inset
of Fig. 3(a) shows the XANES spectrum of this stage in
comparison with the model Fe3+ compounds (in octahedral
symmetry). The comparison again confirms the fact that iron
at stage E (FePO4) is in the Fe3+ state. It is also important
to mention here that as discussed above, the pre-edge region
which is assigned to 1s→ 3d transitions, at the different
stages of charging [Fig. 1], shows a weak intensity in this
region, indicating an octahedral co-ordination as opposed to
the tetrahedral co-ordination for which a strong pre-edge is
observed (as in the case of FePO4). Turning our attention to
the 1s→ 3d pre-edge feature [Fig. 3(b)], it is seen that the
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Table 1
Position and normalized intensity of the observed 1s→ 3d pre-edge peak
and of the white line of the XANES for the different model compounds and
for different states of charge of LixFePO4 (A, B, C, D and E) during charging
of the in situ cell

Sample or
charged state

Pre-edge peak White line

Position (eV) Intensity Position (eV) Intensity

7113.2 (s) 0.044 7133.6 1.42
�-Fe2O3 7114.4 0.058

7113.3 (s) 0.042 7132.9 1.41
Fe(acac)3 7114.9 0.046
FeCp2 7112.8 0.051 7133.8 1.40
FePO4 7114.1 0.125 7136.1 1.20
A (0.0 mAh) 7113.3 0.054 7129.2 1.41
B (0.75 mAh) 7113.8 0.053 7130.2 1.38
C (1.5 mAh) 7114.4 0.053 7131.2 1.38
D (2.25 mAh) 7114.9 0.053 7132.3 1.37
E (3.0 mAh) 7115.4 0.055 7133.4 1.39

s: represents shoulder in the XANES spectra.

that white line intensities observed for the different states of
charge (A, B, C, D and E) during charging of the in situ cell,
shows a similar white line intensity to that observed for the
other Fe2+ and Fe3+ [FeCp2, �-Fe2O3, Fe(acac)3] six-fold
coordinated (octahedral) model compounds (1.37–1.42;
Table 1), much higher than that observed for the four-fold
co-ordinated (tetrahedral) model compound [FePO4; 1.20],
thus once again reflecting that during charging of the in
situ cell iron in LixFePO4 at different charged states are in
six-fold co-ordination (octahedral).

Now we will consider the absorption data that are observed
at stage A (0 mAh) and the oxidized electrode sample at
stage E (3 mAh) to monitor the changes in structure due to
the charging of the cell. InFig. 4 we present thek3χ(k)-
function of the Fe K-edge EXAFS spectrum as a function ofk
(Å−1) after performing standard corrections, which included

F c)
C l and
t m
a state
E ntal
d

re-edge is at slightly higher energy for Fe3+ compound
han the Fe2+ compound. Furthermore, the pre-edge inten
f FePO4 (in tetrahedral symmetry) is relatively inten
at 7114.1) with respect to the Fe2O3 and Fe(acac)3 (in
ctahedral symmetry), where in the case of the latter
ompounds the pre-edge is split into two component
uch lower intensity. For the Fe3+ compounds in octahedr

ymmetry, the relatively higher intensity observed for Fe2O3
esults from the higher degree of distortion from the id
ctahedral symmetry with respect to Fe(acac)3. Hence, the
re-edge feature represents the degree of mixing o
p and the 3d atomic orbitals to form molecular orbit

n case of a perfect Oh symmetry the degree of mixing
ero, and it increases as the distortion increases in thh
ymmetry and is higher in case of Td symmetry, henc
xplaining the change in the pre-edge features in t
odel compounds. Now comparing the pre-edge re
f this model compound FePO4 (tetrahedral symmetry
hich exhibits relatively a higher intensity compared to
xidized sample at the state of charge E (i.e. FePO4), once
gain confirming that the Fe (III) state at the final char
tate E retains the octahedral coordination of the ox
toms. Another interesting feature of the XANES spe
eported here (Figs. 1 and 3) is the intensity of the white line
hich is proportional to the coordination of the absorb
tom. The quantitative results obtained from the XAN
pectra for the model compounds and also from the diffe
tates of charge for the LixFePO4 electrode are summariz

n Table 1. To briefly describe the interesting feature on
hite lines of the measured XANES spectra, we obs
ig. 4. Observedk3-weighted [k3χ(k)] Fe EXAFS at stages (a) A, (b) B, (
, (d) D and (e) E during charging. Comparison of the experimenta

he FEFF fit theoretical analysis of thek3-weighted Fe EXAFS spectru
re shown for Fe(II) recorded at the state A and Fe(III) recorded at the
, for LixFePO4. For both (a) and (e): circles symbol indicate experime
ata and broken lines indicate FEFF fit theoretical results.
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Fig. 5. Comparison of the radial distribution function obtained after Fourier
transformation ofk3χ(k) observed at the stages (a) A, (b) B, (c) C, (d) D and
(e) E, respectively. A comparison of the theoretical analysis for the initial
state A and final state E are shown here, where circles (filled) symbol indicate
experimental data and solid lines indicate FEFF fit theoretical results.

background subtraction, energy calibration, normalization,
and weighting of the data withk3 for the different states of
charge. For comparison we have here shown the fit to the
EXAFS spectrum with theoretical scattering paths, which
were generated with the FEFF 8 code[31] for the state A
and E, respectively.Fig. 5 shows the corresponding radial
structure function as a function of the inter atomic distance,R
(Å), which we obtained by Fourier transformation ofk3χ(k)
over the limitedk-space range between 1.5 and 16.4Å−1.
The radial structure function shows one strong peak at the
start followed by two weaker peaks at higher distances. The
peak positions in this radial structure function are close to
the radius of the back scattering shells. Quantitative analyses
were performed on the first three peaks appearing in the radial
structure function betweenR= 0.5 and 4.1̊A. The structural
parameters shown inTables 2 and 3are obtained from the
FEFF fit analysis of LixFePO4 using all possible scattering
paths. The coordination atom of the first shell is oxygen,

Table 2
Structural parameters resulting from the FEFF fit for LixFePO4 during the
initial stage A (0 mAh), derived from fitting the Fe-edge EXAFS spectra

Sphere Za −Zb CN R (Å) σ2 (Å2 10−3)

k-range = 1.5− 16.2Å−1

1st Fe O 2 1.991 (2) 1.2 (4)
1st Fe O 2 2.122 (3) 2.4 (5)

N digit.
N m (or
p -
t

Table 3
Structural parameters resulting from FEFF fit for LixFePO4 during fully
charged stage E (3 mAh), derived from fitting the Fe-edge EXAFS spectra

Sphere Za − Zb CN R (Å) σ2 (Å2 10−3)

k-range = 1.5− 16.2Å−1

1st Fe O 2 1.793 (5) 1.5 (4)
1st Fe O 2 1.996 (8) 2.2 (5)
1st Fe O 2 2.201 (5) 4.0 (7)

2nd Fe P 1 2.793 (7) 1.7 (1)
2nd Fe P 2 3.177 (3) 4.3 (3)
2nd Fe P 2 3.186 (7) 6.1 (3)

3rd Fe Fe 2 3.794 (2) 4.2 (2)
3rd Fe Fe 2 4.166 (6) 6.5 (5)

Numbers in parentheses are statistical errors of the last significant digit.
Notes:Za −Zb represents the central absorber and the scattering atom (or
path) correlation, CN is the coordination number,R is the inter-atomic dis-
tance,σ2 represent the Debye–Waller disorder parameter.

and that of the second and the third shells are phosphorous
and iron, respectively. The best fit was obtained by assuming
three different FeO distances as shown inTables 2 and 3,
respectively. The FeO distances obtained for the two stages
A and E varied at the most by 0.2̊A. Using four Fe O scat-
tering paths did not improve the fit substantially. The best fit
was obtained with three FeO distances and is shown here.
The second peak corresponds to the single scattering paths
of Fe P, corresponding to those obtained from the XRD data
in the case of stage A. This is similar to that obtained for the
charged stage E while the FeP scattering distances varied
at the most by 0.1̊A. Comparing all stages between A and E
(Figs. 4 and 5) reveals that only subtle changes take place, the
structural rearrangement on lithium extraction in LixFePO4
is small, as seen fromTables 2 and 3and the change in FeO
coordination is minimal: the mean FeO distances are 2.13
and 2.01Å, for LiFePO4 and FePO4, respectively. For a bet-
ter understanding how the bond distances varies for FeO
and Fe P during the charging and discharging, a quantitative
analysis using fit results are shown inFig. 6. As pointed above

F ge
m
T s
a

1st Fe O 2 2.264 (5) 4.8 (7)

2nd Fe P 1 2.799 (5) 1.8 (1)
2nd Fe P 2 3.179 (6) 4.1 (3)
2nd Fe P 2 3.299 (2) 6.3 (3)

3rd Fe Fe 2 3.813 (2) 4.5 (2)
3rd Fe Fe 2 4.187 (6) 6.2 (5)

umbers in parentheses are statistical errors of the last significant
otes:Za −Zb represents the central absorber and the scattering ato
ath) correlation, CN is the coordination number,R is the inter-atomic dis

ance,σ2 represent the Debye–Waller disorder parameter.
ig. 6. First shell average metaloxygen and second shell avera
etal phosphorus bond length changes during Li/LixFePO4 cell cycling.
he filled symbols (�) and (�) represent the FeO and Fe P bond distance
s observed during different states of charge and discharge.
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no single FeO distance varies more than by 0.2Å. This again
shows the basis for the truly excellent cycling properties for
this system. The results obtained for both stages A and E are
in agreement with the crystallographic data, which show that
the FePO4 (at stage E) retains the samePnmastructure, and
there is only a 7% reduction of volume.

4. Conclusions

In conclusion, XAFS has provided us with an excellent
tool for analyzing the changes that take place when Li is
cycled out of and into LixFePO4 in a Li-ion cell. The XAS
analyses indicate that during charging of LixFePO4 to 3.9 V
the oxidation state of Fe changes from 2 to 3. The results con-
firm here that this material possesses very desirable charac-
teristics for an electrode, including small volumetric changes
and retention of the FeO octahedral symmetry on charging,
which makes it an excellent choice for Li-ion cell applica-
tions. A comparison with the 1s→ 3d pre-edge characteris-
tics of the model compounds also confirms that the Fe and O
are octahedrally arranged, as is evidenced by a weak pre-edge
intensity, unlike FePO4 where a strong pre-edge intensity is
observed due to the tetrahedral co-ordination. The pre-edge
intensities at the different states of charge of LixFePO4 show
t atoms
a ealed
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a FS
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c o
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f
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