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X-ray absorption spectroscopy (XAS) was used to investigate the local structure arrangements of submicrocrystalline
lithium iron phosphate and its precursors. The former material, proven to be very promising as active cathode
material in lithium metal and lithium-ion batteries, was synthesized through a new procedure that combines a
simple sol−gel precipitation with a moderate temperature (e.g., low cost) heat treatment. X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra taken at the Fe K-edge
pointed out the modification of the Fe site during the synthesis steps that allow one to produce the submicrometer
size crystalline LiFePO4 (active material) useful for batteries applications. The XAS investigation has shown that
such a material is different from the conventional crystalline LiFePO4 on the short-range order. The difference is
attributed to the synthesis procedure.

Introduction

Lithium iron phosphate (LiFePO4) has become of great
interest as storage cathode for rechargeable lithium ion
batteries because of its high energy density, low cost, and
environmental benignancy and safety.1 The material is a
mixed ionic-electronic conductor in which the lithium ion
diffusion and the poor electronic conductivity dominate the
transport phenomenon. To increase the electrochemical
performances of this material for use as storage cathode, a
variety of material processing methods have been proposed
by several researchers.2-6 The results clearly show that both
particle size reduction and intimate contact with a highly

conductive material (usually carbon) improve the perfor-
mance as a battery cathode of LiFePO4 by reducing the solid-
phase diffusion thickness for lithium ions and increasing the
overall electronic conductivity for electron transport. In
previous work7,8 it was shown that submicrocrystalline
LiFePO4 produced by chemical lithiation of amorphous
FePO4 followed by a mild heating step is capable of
delivering its full capacity when cycling at C/2 rate in liquid
electrolytes. The performance of this material in discharge
tests with nominal discharge times varying from 20 min to
10 h (the most useful range of battery discharge) is equal or
superior to that of other LiFePO4 material (doped or not
doped) reported in the literature.9

The synthesis of the submicrocrystalline LiFePO4 precur-
sor material (FePO4) has been extensively investigated
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previously.10-12 In this work we focused on the structural
characterization of the submicrocrystalline LiFePO4 material
and its precursors. The study was carried out using the X-ray
absorption spectroscopy technique (XAS) as a local structural
probe. The technique is sensitive to short-range order (a few
angstroms around the selected atom) and can be applied to
disordered, amorphous, crystalline,13 and biological materi-
als14 and to solutions15 as well. Previous reports based on
XAS studies have given details on electrodes including
electrochemical interfaces,16 electrode surface,17 and thermo-
chromism.18 Our group successfully applied the technique
to the study of the local structure arrangements in V2O5-
based cathode materials for lithium batteries.19-26

XAS studies on crystalline LiFePO4 electrodes are also
reported in the literature.27,28 In these studies a special
electrochemical cell29 was used that allowed one to follow
(in-situ) the lithium extraction/insertion process on a battery
electrode. From the in-situ experiments, these researchers
have concluded that a LiFePO4 electrode in the discharged
state (lithiated) contains Fe(II), whereas in the charged
(delithiated) state (FePO4) iron is found to be in the Fe(III)
state. Also, they confirmed that the olivine structure of
LiFePO4 and FePO4 was retained during repeated cycling.

In this report, we applied the XAS technique to study the
structural and electronic modifications occurring in the Fe
environment during the synthesis steps that produce the
submicrocrystalline LiFePO4 material, i.e., during the trans-
formation of the pristine amorphous FePO4 to lithiated
amorphous LiFePO4 and, finally, to crystalline LiFePO4. The

XAS data analysis has been conducted taking into account
the multiple scattering (MS) formalism, which represents a
better approach with respect to the one reported previously,28

as demonstrated several times since the pioneering work on
the MS formalism by Lee and Pendry30 and further developed
for the EXAFS case by the work of Natoli, Benfatto, and
co-workers.31,32As a matter of the fact, our approach allowed
us to obtain new physical insights into the structural
characteristics of the investigated materials.

Experimental Section

Synthesis and Samples Preparation.Amorphous iron(III)
phosphate was synthesized by spontaneous precipitation from
an equimolar aqueous solution of Fe(NH4)2(SO4)2‚6H2O and
NH4H2PO4 using hydrogen peroxide as the oxidizing agent. To a
0.025 M solution of Fe(NH4)2(SO4)2‚6H2O was added an equimolar
solution of NH4H2PO4, in the 1:1 volume ratio. Then, 3 mL of
concentrated hydrogen peroxide solution was added to the solution
at ambient temperature under vigorous stirring. A white precipitate
started to form immediately after the addition of hydrogen peroxide.
When the precipitation was completed, the precipitate was collected
on a membrane filter (0.8µm), washed several times with deionized
water, and dried in oven at 400°C for 24 h.

Amorphous LiFePO4 was obtained by chemical lithiation of
amorphous FePO4 by using LiI as reducing agent. Amorphous
FePO4 was suspended in a 1 Msolution of LiI in acetonitrile. The
suspension was stirred for 24 h, filtered on a membrane filter (0.8
µm), washed several times with acetonitrile, and dried under
vacuum. Crystalline LiFePO4 was obtained by heating the latter
(amorphous) compound in a tubular furnace at 550°C for 1 h under
reducing atmosphere (Ar/H2 ) 95/5). Table 1 summarizes the
samples under investigation prepared following the above-
mentioned procedures. X-ray powder diffraction of the investigated
samples have been reported in previous publication7,8 (see also
Supporting Information), indicating an amorphous state for samples
a and b and a transformation from amorphous to crystalline phase
of the sample c, which the main peaks attributed to the olivine
LiFePO4 structure. The grain size of the crystallites, computed from
the relevant diffraction peaks, quoted the crystallite dimensions to
be between 85 and 100 nm.8 Reference 7 also reports the SEM
micrograph of the all investigated samples (see also Supporting
Information) as well as the BET surface area.

Samples for the XAS experiments were mixed with boron nitride
(90%) and then pressed as pellets (3 tons).

XAS Data Collection. X-ray absorption (XAS) experiments were
performed at the Synchrotron Radiation Source (SRS) at Daresbury
Laboratory, Warrington, England, using the beam line 7.1. The
storage ring operates at 1.6 GeV and a typical current of 240 mA.
A Si(111) double crystal was employed as a monochromator. To
reduce higher harmonics, the second crystal was detuned around
70%. Internal references were used (Fe foil) for energy calibration
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Table 1. List of the Investigated Compounds

sample a sample b sample c

amorphous FePO4 amorphous LiFePO4
(from lithiation of
sample a)

crystalline LiFePO4
(from sample b,
heated up to 550°C)
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at each scan. This allows a continuous monitoring of the energy
during consecutive scans. No energy drifts of the monochromator
were observed during the experiments. Data were acquired in
transmission mode. The ionization chamber was filled with an Ar/
He gas mixture. XAS spectra were collected in thek space up to
k ) 16 Å-1 every 0.03 Å-1 with a five second integration time
allowing EXAFS spectra to be recorded sequentially after the
XANES region.

XAS Data Analysis.XANES spectra were normalized to an edge
jump of unity taking into account the atomic background after the
edge as it comes out from the EXAFS analysis. A prior removal
of the background absorption was done by subtraction of a linear
function extrapolated from the preedge region. The EXAFS analysis
has been performed by using the GNXAS package33,34 that takes
into account the multiple scattering (MS) theory. The method is
based on the decomposition of the EXAFS signals into a sum of
several contributions, then-body terms. The method allows the
direct comparison of the raw experimental data with a model
theoretical signal. The procedure avoids any filtering of the data
and allows a statistical analysis of the results. The EXAFS signal
was extracted using a set of polynomial spline (composed of two
third-degree polynomials). The theoretical signal is calculated ab
initio and contains the relevant two-bodyγ(2) and three-bodyγ(3)

multiple scattering (MS) terms. The contribution from four-body
γ(4) terms35 has been checked out, but it was found negligible. The
two-body terms are associated with pairs of atoms and probe their
distances and variances. The three-body terms are associated with
triplets of atoms and probe angles, bond-bond, and bond angle
correlations. Data analysis is performed by minimizing aø2-like
function that compares the theoretical model to the experimental
signal.

The phase shifts for the photoabsorber and backscatterer atoms
were calculated ab initio starting from the structural model available
in the literature.36 They were calculated according to the muffin-
tin approximation. The Hedin-Lundqvist complex potential37 was
used for the exchange-correlation potential of the excited state. The
core hole lifetime,Γc, was fixed to the tabulated value38 and
included in the phase shift calculation. The experimental resolution
used in the fitting analysis was about 2 eV, in agreement with the
stated value for the beamline used. The value ofS0

2 has been found
to be between 0.78 and 0.91. The relevantE0 values are found to
be displaced of several eV with respect to the edge inflection point.

The EXAFS theoretical signals were calculated ab initio using
the fractional atomic coordinates of crystalline LiFePO4

36 available
in the literature. This structural model was found suitable for the
analysis of all samples, including the amorphous FePO4, even
though the crystalline FePO4 is also known to have, besides the
olivine structure,36 a quartzlike form,39 which is characterized by a
tetravalent Fe site. Owing to the amorphous nature of sample a,
and considering that the EXAFS parameters will be refined during
the fitting procedure, there was no necessity of using two different
starting model. In addition, when a deviation of more that 10% of
a selected structural parameter (atomic distance, angle) occurred

with respect to the crystallographic values, the corresponding
theoretical signal was recalculated before being used in the fitting
procedure.

The fitting procedure was conducted taking into account the
relevant set of scattering path suggested by Haas et al.27 with the
implementation of the multiple scattering formalism, giving more
reliability to the data analysis. Hence, we have included in the fitting
procedures the following two-atom contributions:γ1

(2) Fe-O with
degeneracy of 1;γ2

(2) Fe-O with degeneracy of 3;γ3
(2) Fe-O with

degeneracy of 2;γ4
(2) Fe-P with degeneracy of 1;γ5

(2) Fe-O with
degeneracy of 12;γ6

(2) Fe-Fe with degeneracy of 4. In addition,
two three-body contributions,η1

(3) Fe-O-P andη2
(3) Fe-O-Fe,

have been added as well, whereη1
(3) Fe-O-P includes bothγ(2)

Fe--P andγ(3) Fe-O-P contributions andη2
(3) Fe-O-Fe includes

both γ(2) Fe--Fe andγ(3) Fe-O-Fe contributions. It is worth
pointing out that, due to the intrinsic asymmetry of the Fe
octahedron, the different bond distances in the first Fe-O shell
were taken into account considering three signals with different
degeneracy. Also, the inclusion of the three-body termη(3) allowed
one to monitor the shells beyond the second one by using the same
three-atom coordinates both for the two-atom and the three-atom
contributions. Hence, in our case, FesP and FesFe interactions
are probed in the same framework without the inclusion of new
parameters. The overall number of parameters included in the fitting
procedure was 24: 7 bond distances; 3 asymmetry coefficientâ’s;
2 angles; 9 EXAFS Debye-Waller factors; three nonstructural terms
E0, S0

2, and the experimental resolution. It is worth mentioning that
the number of fitting parameters does not exceed the estimated
“number of independent data points”Nind ) (2δkδR/π) + 2 ) 36,
for δk ) 12.8 andδR) 4.5. The independent data point to a number
of parameters ratio that ensures the fit is overdetermined, pointing
out the reliability of the minimization.

To evaluate the effect of the structural disorder, the simulation
was performed by considering a non-Gaussian type of pair
distribution functions. Because of the amorphous nature of the
compound, in fact, a more flexible model replacing the simple
Gaussian function is required. TheΓ-like (Γ) distribution,40,41proven
to be very useful in previous studied systems,13,21,42has been also
used here. This function depends on three parameters: the average
bond distance, the bond variance, and the asymmetry coefficient
(skewness)â defined asK3/σ3, whereK3 is the third cumulant of
the distribution. The full definition of the function is described in
refs 13 and 41.

Results and Discussion

The XAS technique is particularly suitable for the study
of the electronic and structural modification occurring during
the multistep synthesis that produces the submicrocrystalline
LiFePO4 material due to the strong interaction between the
photoejected electrons and the potential generated from the
neighbors of the Fe center in the investigated materials. This
study intends to figure out how and how far the local
structure around the Fe center is altered by the chemical
lithiation of amorphous FePO4 and the successive heat
treatment at medium temperature and to highlight the
structural differences between the obtained submicrocrys-
talline material and the conventional one (available from the
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literature). XAS spectra were hence recorded at the Fe
K-edge of the amorphous FePO4 (sample a), amorphous
LiFePO4 (sample b, after chemical lithiation of sample a),
and submicrocrystalline LiFePO4 (sample c, after heating at
550 °C of sample b).

Figure 1, upper panel, shows a typical XAS absorption
spectrum obtained at the Fe K-edge of the lithiated amor-
phous material (sample b). The spectrum includes the near-
edge absorption region (XANES) extending to the first
oscillation beyond the main edge and the extended X-ray
absorption region (EXAFS) lasting up to the final point of
the spectrum. The XANES region will be discussed first as
it is often used as a qualitative probe of the chemical bonding
and the oxidation state of the selected metal (Fe). The results
of the EXAFS analysis, discussed later, will provide the local
structure information as well as the estimation of the
structural disorder around the Fe site. In Figure 1 is also
shown a preliminary data reduction of the EXAFS spec-
trum: the k2-extracted EXAFS signal is reported in the
middle plot while the relative Fourier transform (FT) of the
k2-extracted EXAFS is displayed in the bottom panel. Figure
2 shows thek2-extracted EXAFS signals of the all three
samples investigated.

XANES. Figure 3 presents the XANES region of the XAS
spectra obtained at the Fe K-edge of the compounds a-c.
Since the curves are normalized (see the Experimental
Section for details), it is allowed to directly compare the
features shown by the three investigated materials. From the
figure it is apparent that the XANES spectra differ both in
the overall shape and in the energy position of the main peak,

thus providing information on both electronic and structural
differences. Among the XANES features that are sensitive
to the oxidation state of Fe only the preedge feature, which
is due to the 1s-3d transition27,28,43and lies in the energy
range between 7110 and 7115 eV, will be considered. In
fact, although the edge and edge resonance regions (residing
in the rising part and in the main absorption of the XANES
spectrum at about 7115-7135 eV, respectively) also show
a shift toward lower energy from sample a to c, the use of
the preedge peak, as indicator23 of the charge associated with
the Fe, is preferred because it involves a transition to bound
states. Besides, the edge resonance is associated with the
continuum and involves multiple scattering resonances of
the photoelectrons44 and depends also on the interatomic
distances and the coordination geometry.45

A magnification of the preedge region for the three
samples is also presented in Figure 3. Sample a displays a
preedge peak P2 at an energy of about 7114 eV that moves
toward lower values (P1, at about 7112 eV) in the lithiated

(43) Cecchi, P.; Berrettoni, M.; Giorgetti, M.; Gioia Lobbia, G.; Calogero,
S.; Stievano, L.Inorg. Chim. Acta2001, 318, 67.
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Figure 1. Preliminary data reduction of the Fe K-edge EXAFS spectrum
of sample b. The upper panel shows the raw EXAFS spectrum, thek2-
extracted EXAFS is reported in the middle, and the relative Fourier
transform of thek2-extracted EXAFS is displayed at the bottom.

Figure 2. Experimentalk2-extracted EXAFS signals of the samples a-c
obtained at the Fe K-edge.

Figure 3. Experimental XANES spectra obtained at the Fe K-edge of the
samples a-c. The curves are normalized as indicated in the Experimental
Section. The inset shows a magnification of the preedge region.

Sol-Gel-Synthesized LiFePO4
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samples (b and c). On the basis of work available in the
literature27,46 the valence of Fe can be assumed+3 in the
compound a and+2 in compounds b and c. Moreover, at
the basis of this analysis, it is difficult to infer about the
number of Fe3+ ions that go to the Fe2+, even though the
shift of the preedge peak is seen to be remarkable. The shift
of the preedge peak also agrees with previous observations27

performed on LiFePO4 electrode material during charge/
discharge test.

From the inset of Figure 3, a decrease of the preedge peak
intensity is also observed. Preedge bands of iron(II) and iron
(III) complexes were investigated extensively by Westre et
al.,47 and a full explanation of the preedge features is beyond
the aim of the present work. Briefly, the occurrence of this
peak is related to the nature of the 1s-3d transition, which
is electric dipole forbidden but quadrupole allowed. Com-
plexes in noncentrosymmetric environment have more
intense preedge features than centrosymmetric complexes.
The increase in intensity has been attributed to metal 4p
mixing into 3d orbitals which provides some electric dipole
allowed 1s-4p character to the transition and thus adds to
the intensity from the quadrupole mechanism.47

From a structural viewpoint (considering that in this class
of compounds Fe is in a octahedral environment) such a
deviation from the centrosymmetric environment is likely
to be observed just considering small variations of the FeO6

octahedron, either Fe-O bond length or O-Fe-O angle
variations. Our experimental findings imply that amorphous
FePO4 (sample a) is characterized by a more distorted FeO6

octahedron than both the amorphous and crystalline lithiated
materials (LiFePO4, samples b and c).

EXAFS. Figure 4 shows a comparison of the FT signals
obtained from the EXAFS spectra of the compounds under
investigation, together with the theoretical curves obtained

during the best fits procedure (see below). The curves have
been obtained by preliminary analysis similar to that of
Figure 1, using the same window of the correspondingk2-
EXAFS signals. The three curves appear different for both
the intensity and the position of the peaks. The submicro-
crystalline LiFePO4 shows three main peaks at about 1.8,
2.8, and 3.6 Å. However, the first one is more intense in
the unlithiated FePO4 (sample a) than in the lithiated
materials (samples b and c). The two other peaks at higher
values are significantly visible only in sample c, whereas in
samples a and b these peaks are present among others of
low intensity.

From earlier considerations in the framework of a single
scattering approach, the peak position of the FT curves is
related to the radius of the backscattering shells of Fe, thus
underlying that major modifications of the local atomic
environment of Fe occur during the transformation of the
amorphous compound (b) in the crystalline material (c).
To obtain quantitative information on the local structure of
Fe in the investigated compounds, we have fitted the
experimental data with theoretical curves. The best-fit results
are illustrated in Figure 5 panels a-c for the compounds
a-c, respectively. Each panel of the figure shows the var-
ious contributions to the theoretical signal and the com-
parison of the theoretical signal with the experimental one.
In the figure it is seen that the theoretical curves match well
with the experimental ones in all panels, indicating the
reliability of the chosen structural model and the accuracy
of the data analysis. With reference to compound a, it is
worth pointing out that some attempts to fit the experimental
curve with a first shell formed by 4 oxygen describing an
Fe tetrahedral site (quartzlike structure) were not succeeded.
Figure 4 also compares the theoretical FT curves with the
experimental ones, confirming the accuracy of the data
analysis.

The interatomic distances and the corresponding EXAFS
Debye-Waller factors of the samples investigated are shown
in Table 2. The errors associated with the parameters

(46) Prince, A. A.; Mylswamy, S.; Chan, T. S.; Liu, R. S.; Hannoyer, B.;
Jean, M.; Chen, C. H.; Huang, S. M.; Le, J. F.; Wang, G. X.Solid
State Commun.2004, 132, 455.
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K. O.; Solomon, E. I.J. Am. Chem. Soc.1997, 119, 6297.

Figure 4. Experimental (s) and theoretical (···) FT k2-weighted EXAFS
signals of the samples a-c obtained at the Fe K-edge. A Hanning window
in the rangek ) 3.5-15.9 Å-1 was used.

Figure 5. Details of the EXAFS analysis of the Fe K-edge of the samples
a-c. The sample is indicated at the top of each panel. The figure shows
the individual EXAFS contributions, in terms of two-body and three-body
signals, to the total theoretical signal. At the bottom, the comparison of the
total theoretical signal (s) with the experimental (···) is also illustrated.
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obtained with the EXAFS analysis are indicated as well. The
latter were determined by correlation maps (contour plots)
for each pair of parameters. Figure 6 shows the contour plots
for the Fe-O first shell and theE0 variable for compound
b, as an example. The estimated statistical error is associated
with a 95% confidence interval.48

From the result of the fits reported in Figure 5 it is clear
that all the signals included are important in determining the
total theoretical signal. The main contribution to the first
shell Fe-O is given by the second signal,γ2

(2) Fe-O,
because of its higher degeneracy (3) with respect toγ1

(2) and
γ3

(2). Indeed, the comparison of the threeγ2
(2) Fe-O signals

for the three materials reveals a lower amplitude of the
oscillations in sample b with respect to that of samples a
and c. This is also evidenced by the comparison of the
corresponding EXAFS bond variance (listed in Table 2) that
is a parameter related to the vibrational amplitude of the bond
and takes into account both thermal and structural disorder.
The same behavior is seen for the EXAFS bond variance of
the γ3

(2) Fe-O signal. This fact is significant because the
two signals take into account 5/6 of the Fe octahedron
geometry. Though not always observed, the enhancement
of the local disorder during ion insertion has been observed
in several other intercalation materials, like spinel lithium
manganese oxide,49 Li xV6O13,50 and ZnV2O5.19

Another specific parameter related to the structural disorder
is the asymmetric coefficientâ for theγ2

(2) Fe-O first shell.
As pointed out in the Experimental Section, to take into
account the anharmonic effects of the first shell due to
structural disorder, theΓ-like function was used, which leads
to the Gaussian approximation when the asymmetric coef-

ficient â approaches zero. From the fit outcome, it is seen
that the asymmetric coefficientâ is 0.5(2) in compound b,
0.2(1) in compound a, and almost zero in compound c. The
increase of the vibrational amplitudes of the Fe-O first shell
distance and the value of the asymmetric coefficient indicates
a larger structural disorder present in sample b with respect
to samples a and c. Therefore, these data indicate that the
chemical lithiation induced an increase of the disorder in
the local structure of the Fe environment. The nature of such
disorder is structural, and it is due to the insertion of Li+

ions in the FePO4 structure. In the amorphous lithiated
material (sample b) the Li+ sites are not well established;
however, the moderate heating step allows the Li+ ions to
move in the preferred sites to give a more ordered material
(submicrocrystalline sample c).

A close inspection of the Fe-O distances related to the
first shell (taking into account the structural information
obtained from the signalsγ2

(2) Fe-O andγ3
(2) Fe-O) re-

veals the lengthening of the bonds while amorphous FePO4

(sample a) is progressively transformed to submicrocrystal-
line LiFePO4 (sample c), with the main modifications
occurring during the first step of the synthesis (from a to b),
i.e., when iron is chemically reduced from Fe(III) to Fe(II).
This behavior of the Fe-O interactions is found to be in
agreement with literature results.27 However, the Fe-O bond
distances quoted for the crystalline sample c are different
with respect to structural data on crystalline LiFePO4

36,46,51

available in the literature.
Table 2 also indicated that the Fe-P interactions in the

second and third shells are practically constant in all samples
investigated. The inclusion of an Fe-O interaction at higher
distance (γ5

(2) Fe-O) is justified from the high degeneracy
of this path (12) that makes this signal contribute appreciably(48) Filipponi, A. J. Phys.: Condens. Matter1995, 7, 9343.

(49) Ammundsen, B.; Jones, D. J.; Roziere, J.; Burns, G. R.Chem. Mater.
1996, 8, 2799.

(50) Stallworth, P. E.; Kostov, S.; denBoer, M. L.; Greenbaum, S. G.;
Lampe-Onnerud, C.J. Appl. Phys.1998, 83, 1247.

(51) Yamada, A.; Chung, S. C.; Hinokuma, K.J. Electrochem. Soc.2001,
148, A224.

Table 2. Structural Parameters from EXAFS Fitting Results of Samples a-c with Estimated Parameter Errors Indicated in Parenthesesa

MS signals
atomic dists/angles

and corresponding variance degeneracy sample a sample b sample c

γ1
(2) Fe-O/Å 1 2.11(2) 1.996(5) 1.99(1)

σ2 Fe-O/Å2 0.013(7) 0.004(1) 0.002(1)
γ2

(2) Fe-O/Å 3 1.976(4) 2.090(3) 2.114(6)
σ2 Fe-O/Å2 0.008(2) 0.018(2) 0.003(1)

γ3
(2) Fe-O/Å 2 2.26(2) 2.31(3) 2.32(2)

σ2 Fe-O/Å2 0.024(8) 0.033(4) 0.014(5)
γ4

(2) Fe-P/Å 1 2.84(2) 2.86(2) 2.86(1)
σ2 Fe-P/Å2 0.008(4) 0.009(3) 0.003(2)

γ5
(2) Fe-O/Å 12 4.25(3) 4.32(3) 4.21(2)

σ2 Fe-O/Å2 0.03(1) 0.03(1) 0.022(5)
η1

(3) O-P/Å 4 1.55(4) 1.50(3) 1.47(3)
σ2 O-P/Å2 0.024(5) 0.009(4) 0.003(2)

γ6
(2) Fe-Fe/Å 2 4.85(3) 4.81(3) 4.70(1)

σ2 Fe-Fe/Å2 0.03(1) 0.03(1) 0.010(6)
η1

(3) Fe-O-P/deg 4 141(2) 138(2) 132(2)
σ2 Fe-O-P/deg2 39(12) 57(10) 21(8)

η2
(3) Fe-O-Fe/deg 4 122(3) 135(3) 121(2)

σ2 Fe-O-Fe/deg2 20(10) 21(8) 15(8)
Fe-P/Å 4 3.32b 3.34b 3.28b

Fe-Fe/Å 4 3.78b 4.08b 3.86b

a The MS signals (path) correlated to the structural parameters are also indicated.b Data were obtained from geometrical consideration using the corresponding
three-body atomic configuration.
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at low k, in all samples. The Fe-Fe interactions were taken
into account by means of theγ6

(2) signal and through the
η2

(3) Fe-O-Fe one. The best-fit results indicate an expansion
of the Fe-Fe interaction from 3.78 to 4.08 Å during the
Li+ accommodation into the amorphous network. This value
decreased to the crystallographic one36 upon the heating step
(sample c) following the general trend observed for the Fe-O
first-shell distances. The same behavior is observed for the
Fe-Fe interaction at higher values, with two Fe atoms
located at 4.70 Å from the photoabsorber in the crystalline
sample c. These results indicate that the new synthesis
approach of crystalline LiFePO4 produces a material similar
to the conventional one but with some differences detectable
in the short-range order of the Fe site, as appear from the

comparison of the structural parameters associated with the
Fe first shell: sample c is seen to be characterized by two
Fe-O at 2.32 Å, one Fe-O at 1.99 Å, and three Fe-O at
2.11 Å, whereas the conventional crystalline LiFePO4

46,51 is
characterized by by two Fe-O at 2.06 Å, two Fe-O at 2.25
Å, one Fe-O at 2.11 Å, and one Fe-O at 2.21 Å. On the
contrary, the Fe-Fe interaction (long-range order) is quoted
similarly (3.86 and 3.87 Å).

In Figure 5 it is also seen that the single MS signals of
sample c are characterized by a higher intensity than the
corresponding ones of samples a and b. This difference is
especially observed for the interactions beyond the first shell.
This experimental evidence is related to the long-range order
of the compound investigated. The crystalline structure of
sample c shows higher signal amplitudes because of the
lower values of the corresponding damping factors, bond
length, and angle variances. For example, it is worthwhile
to notice the large signal contribution of the multiple
scattering pathsη1

(3) Fe-O-P andη2
(3) Fe-O-Fe. Such

large contributions, which would have not been observed
without the use of the MS formalism, show the importance
of the inclusion of the MS formalism on the data analysis.
For instance, due to the well-known limit of the single
scattering approximation for the analysis of EXAFS spectra,
previous data analyses on similar material27,28 based on
single-shell contributions (shells around the photoabsorber)
were unable to select a fixed value of the coordination
number of the Fe-Fe 3rd shell (2 or 4 in the refs 27 or 28).
In this application, the Fe-Fe interaction has been probed
by theη2

(3) Fe-O-Fe multiple scattering path, which allows
one to monitor in the same framework without the inclusion
of new parameters the Fe-O-Fe triplet (Fe-O distance and
Fe-O-Fe angle) as well as the Fe-Fe distance, allowing
the coordination number to converge to a well-fixed value
(4).

Concluding Remarks

In this paper is reported the investigation of the structural
and electronic properties of a submicrocrystalline iron
phosphate material that has been proved promising as active
cathode material in rechargeable lithium batteries. The study
has involved the precursor amorphous FePO4, the chemically
lithiated precursor LiFePO4, and the submicrocrystalline
LiFePO4 obtained by a moderate heating at 550°C. The
materials have been investigated by X-ray absorption spec-
troscopy, which allowed the investigation of amorphous and
crystalline samples with the same experimental technique.

The results demonstrated that the submicrocrystalline iron
phosphate material is characterized by a short-range order
structure different from that of crystalline LiFePO4 while
no differences were detected in the long-range order. Also,
Fe is reduced (mostly) from+3 to +2 during the chemical
lithiation of the amorphous precursor and the local structure
arrangement of Fe (octahedron) appears more distorted in
the precursor than in the lithiated samples. Fe-O first-shell
distances increase during the same step. In addition, data
analysis evidenced an enhancement of the structural disorder
during the lithiation of the amorphous precursor, which is

Figure 6. Two-dimensional section of the parameter space referring to
the Fe-O first shell andE0 (for sample b). Plots shows the three distance
R1 Fe-O, R2 Fe-O, andR3 Fe-O that correspond respectively to the signals
γ1

(2) Fe-O, γ2
(2) Fe-O, and γ3

(2) Fe-O. The inner elliptical contour
corresponds to the 95% confidence level.
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seen to vanish upon crystallization. In fact, Li+ ions cause
deformations on the local structure of the host (FePO4

network). Afterward, upon heating, the structure becomes
more organized with the Li+ ions reaching the crystal-
lographic sites.

To the best of our knowledge, this is the first time that
the MS formalism has been used to analyze the XAS data
in this class of compounds. In this respect, the inclusion of
significant MS effects allowed us to upgrade the data analysis
reported in a previous paper27,28 by properly accounting for
the structural contribution to the high-frequency component
of the EXAFS spectrum.
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