Inorg. Chem. 2006, 45, 2750-2757

Inorganic:Chemistry

* Article

Characterization of Sol —Gel-Synthesized LiFePO 4 by Multiple Scattering
XAFS

Marco Giorgetti* and Mario Berrettoni

Department of Physical and Inorganic Chemistry, krsity of Bologna and Unitai Ricerca
INSTM di Bologna, Viale Risorgimento 4, 40136 Bologna, Italy

Silvera Scaccia and Stefano Passerini

ENEA (Italian Agency for New Technologies, Energy and theirenment), IDROCOMB,
C.R. Casaccia, Via Anguillarese 301, 00060 Rome, lItaly

Received December 12, 2005

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 LiFePO, (active material) useful for batteries applications. The XAS investigation has shown that
such a material is different from the conventional crystalline LiFePO,4 on the short-range order. The difference is
attributed to the synthesis procedure.

Introduction conductive material (usually carbon) improve the perfor-

Lithium iron phosphate (LiFePg) has become of great ~Mance as a battery cathode of LiFef reducing the solid-
interest as storage cathode for rechargeable lithium ion phase diffusion t_hlckness fc_Jr_Ilth|um ions and increasing the
batteries because of its high energy density, low cost, ano|over.all eIectromg conductivity for electron_ transport. In
environmental benignancy and safétfhe material is a ~ Previous work® it was shown that submicrocrystalline
mixed ionic-electronic conductor in which the lithium ion ~ LiFEPQ: produced by chemical lithiation of amorphous
diffusion and the poor electronic conductivity dominate the FePQ followed by a mild heating step is capable of
transport phenomenon. To increase the electrochemicaldelivering its full capacity when cycling at C/2 rate in liquid
performances of this material for use as storage cathode, &€lectrolytes. The performance of this material in discharge
variety of material processing methods have been proposedests with nominal discharge times varying from 20 min to
by several researchetst The results clearly show that both 10 h (the most useful range of battery discharge) is equal or

particle size reduction and intimate contact with a highly superior to that of other LiFeRQmnaterial (doped or not
doped) reported in the literatu?e.
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previously!®-1? In this work we focused on the structural Table 1. List of the Investigated Compounds

characterization of the submicrocrystalline LiFeRaterial sample a sample b sample ¢

and its precursors. The study was carried out using the X-ray amorphous FePD  amorphous LiFeP®  crystalline LiFePO4
absorption spectroscopy technique (XAS) as a local structural (from lithiation of (from sample b,

probe. The technique is sensitive to short-range order (a few sample a) heated up to 556C)
angstroms around the selected atom) and can be applied to ) o
disordered, amorphous, crystallitteand biological materi- XAS data analysis has been conducted taking into account

als“ and to solution® as well. Previous reports based on the multiple scattgring (MS) formalism, which represents a
XAS studies have given details on electrodes including Petter approach with respect to the one reported previdtsly,
electrochemical interfacé&glectrode surfacE,and thermo- @S demonstrated several times since the pioneering work on
chromismt® Our group successfully applied the technique the MS formalism by Lee and Pendhand further developed

to the study of the local structure arrangements DY for the EXAFS case by the work of Natoli, Benfatto, and
based cathode materials for lithium battefi&€s co-workers’*32As a matter of the fact, our approach allowed
us to obtain new physical insights into the structural

XAS studies on crystalline LiFePCelectrodes are also o . . .
characteristics of the investigated materials.

reported in the literatur&:?® In these studies a special
electrochemical celt was used that allowed one to follow Experimental Section

(in-situ) the lithium extraction/insertion process on a battery _ . ,

electrode. From the in-situ experiments, these researchers Synthesis and Samples Preparation Amorphous iron(lll)
have concluded that a LiFeR@lectrode in the discharged phosphate was synthesized by spontaneous precipitation from

L . - an equimolar aqueous solution of Fe(N#SO,).-6H,O and
state (lithiated) contains Fe(ll), whereas in the charged NH.H,PQy using hydrogen peroxide as the oxidizing agent. To a

(delithiated) state (FeP@lron is found to be inthe Fe(lll) 4 925 M solution of Fe(NE»(SQ)26H,0 was added an equimolar
state. Also, they confirmed that the olivine structure of gqjytion of NHH,PQ,, in the 1:1 volume ratio. Then, 3 mL of
LiFePQ and FePQwas retained during repeated cycling. concentrated hydrogen peroxide solution was added to the solution

In this report, we applied the XAS technique to study the at ambient temperature under vigorous stirring. A white precipitate
structural and electronic modifications occurring in the Fe started to form immediately after the addition of hydrogen peroxide.
environment during the synthesis steps that produce theWhen the precipitation was completed, the precipitate was collected
submicrocrystalline LiFePQmaterial, i.e., during the trans- ©"a membrar)e fi[ter (0,8m), washed several times with deionized
formation of the pristine amorphous FeP@ lithiated ~ Water. and dried in oven at 40T for 24 h.

. ' : . Amorphous LiFeP® was obtained by chemical lithiation of
amorphous LiFeP£and, finally, to crystalline LiFeP©The amorphous FePpby using Lil as reducing agent. Amorphous

) ] — _ — ~ FePQ was suspendedhia 1 Msolution of Lil in acetonitrile. The
(10) Tsrfgrcn?c?éhi?ﬁ‘ ﬁ?&%&;ﬁ"ﬁ?' Bartolomeo, A.; Prosini, P. P g,qhension was stirred for 24 h, filtered on a membrane filter (0.8
(11) Scaccia, s Carewska, M.: Di Bartolomeo, A.: Prosini, P. P.: u#m), washed several times with acetonitrile, and dried under

Thermochim. Act2003 397, 135. _ vacuum. Crystalline LiFeP was obtained by heating the latter
a2 g‘lcacc'a' S.; Carewska, M.; Prosini, PTRermochim. Act2004 413 (amorphous) compound in a tubular furnace at 85@or 1 h under
(13) Filipponi, A.J. Phys.: Condens. Matte2001, 13, R23. reducing atmosphere (.Arlzl-.|= 95/5). Table 1 sulmmarizes the
(14) Giorgetti, M.; Ascone, I.; Berrettoni, M.; Conti, P.; Zamponi, S.; samples under investigation prepared following the above-
15 '\Eﬂ);’:XaSSII, R,SJ'. BBIOLfanng(_?hDefanI)_OQ 5, 1S5§-P | N.Rhve. R mentioned procedures. X-ray powder diffraction of the investigated
(15) Bz&?zegé 0"64§89att0’ - Defatonga, 5. Favel, I.Anys. Re. samples have been reported in previous publicafiqeee also
(16) Abruna, H. D Electrochemical Interfaces: Modern Techniques for ~Supporting Information), indicating an amorphous state for samples
In Situ Interface Characterizatig/CH: New York, 1991; pp +556. a and b and a transformation from amorphous to crystalline phase

an E;?jiggifeésAlz;s%ay' D.; Ladouceur, M.; Tourillon, Bays. Re. of the sample ¢, which the main peaks attributed to the olivine

(18) Kulesza, P. J.; Malik, M. A.; Berrettoni, M.; Giorgetti, M.: Zamponi, LiFePQ, structure. The grain size of the crystallites, computed from

S.; Schmidt, R.; Marassi, R Phys. Chem. B99§ 102, 1870. the relevant diffraction peaks, quoted the crystallite dimensions to
(19) %ggiti"g"z-?ssasse””" S.; Smyrl, W. H.; Berrettoni, Ghem. Mater. be between 85 and 100 rhReference 7 also reports the SEM
(20) Giorgetti’, M. P'asserini’ S.; Smyrl, W. H.; Berrettoni, Morg. Chem. microgrqph of the all investigated samples (see also Supporting
200Q 39, 1514. Information) as well as the BET surface area.
(21) Frabetti, E.; Deluga, G. A.; Smyrl, W. H.; Giorgetti, M.; Berrettoni, Samples for the XAS experiments were mixed with boron nitride

M. J. Phys. Chem. B004 108 3765. 0
(22) Giorgetti, M.; Mukerjee, S.; Passerini, S.; McBreen, J.; Smyrl, W. H. (90%) and then pre_ssed as pellets (_3 tons). .

J. Electrochem. So@001, 148, A768. XAS Data Collection. X-ray absorption (XAS) experiments were
(23) Giorgetti, M.; Passerini, S.; Smyrl, W. H.; Muckerjee, S.; Yang, X. performed at the Synchrotron Radiation Source (SRS) at Daresbury

Q.; McBreen, JJ. Electrochem. Sod.999 146, 2387. ; i ;
(24) Passerini. S.- Le, D. B.. Smyri, W. H.- Berrettoni, M. Tossici, R.: Laboratory, Warrington, England, using the beam line 7.1. The

Marassi, R.; Giorgetti, MSolid State lonic4997, 104, 195. storage ring operates at 1.6 GeV and a typical current of 240 mA.
(25) Giorgetti, M.; Passerini, S.; Berrettoni, M.; Smyrl, W.HSynchrotron A Si(111) double crystal was employed as a monochromator. To
- gadlat}%g?ng% 743;-t P S Smvil. W Blectrochi reduce higher harmonics, the second crystal was detuned around
( )A(':?;%%O"Z 47, 3elrge3_°”" » Fassennl, ., smyrl, W.iHectrochim. 70%. Internal references were used (Fe foil) for energy calibration
(27) Haas, O.; Deb, A.; Cairns, E. J.; Wokaun, JA.Electrochem. Soc.
2005 152 A191. (30) Lee, P. A.; Pendry, J. B2hys. Re. B 1975 11, 2795.
(28) Deb, A.; Bergmann, U.; Cairns, E. J.; Cramer, SI.RRhys. Chem. B (31) Benfatto, M.; Natoli, C. R.; Bianconi, A.; Garcia, J.; Marcelli, A.;
2004 108 7046. Fanfoni, M.; Davoli, I.Phys. Re. B 1986 34, 5774.
(29) Deb, A.; Bergmann, U.; Cairns, E. J.; Cramer, SJ.PSynchrotron (32) Brouder, C.; Ruiz-Lpez, M. F.; Pettifer, R. F.; Benfatto, M.; Natoli,
Radiat.2004 11, 497. C. R.Phys. Re. B 1989 39, 1488.
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at each scan. This allows a continuous monitoring of the energy with respect to the crystallographic values, the corresponding
during consecutive scans. No energy drifts of the monochromator theoretical signal was recalculated before being used in the fitting
were observed during the experiments. Data were acquired inprocedure.

transmission mode. The ionization chamber was filled with an Ar/
He gas mixture. XAS spectra were collected in khepace up to
k = 16 A1 every 0.03 A 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

The fitting procedure was conducted taking into account the
relevant set of scattering path suggested by HaasZwath 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 contributiong;® Fe—O with
degeneracy of 17,® Fe—O with degeneracy of 3;3? Fe—0 with
degeneracy of 2742 Fe—P with degeneracy of 3,5 Fe—0O with
degeneracy of 12y5? Fe—Fe with degeneracy of 4. In addition,

of the background absorption was done by subtraction of a linear two three-body contributiong;;®) Fe—O—P and#,® Fe-O—Fe,
function extrapolated from the preedge region. The EXAFS analysis have been added as well, wherg® Fe—O—P includes both/®

has been performed by using the GNXAS pacRagfethat takes
into account the multiple scattering (MS) theory. The method is

Fe--P and/® Fe—O—P contributions ang,® Fe—O—Fe includes
both y@ Fe--Fe andy® Fe-O—Fe contributions. It is worth

based on the decomposition of the EXAFS signals into a sum of pointing out that, due to the intrinsic asymmetry of the Fe

several contributions, the-body terms. The method allows the
direct comparison of the raw experimental data with a model

octahedron, the different bond distances in the first Geshell
were taken into account considering three signals with different

theoretical signal. The procedure avoids any filtering of the data degeneracy. Also, the inclusion of the three-body teffhallowed
and allows a statistical analysis of the results. The EXAFS signal one to monitor the shells beyond the second one by using the same
was extracted using a set of polynomial spline (composed of two three-atom coordinates both for the two-atom and the three-atom
third-degree polynomials). The theoretical signal is calculated ab contributions. Hence, in our case,F@ and Fe-Fe interactions

initio and contains the relevant two-bogh?) and three-body®
multiple scattering (MS) terms. The contribution from four-body
y® terms® has been checked out, but it was found negligible. The

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 coeffigient

two-body terms are associated with pairs of atoms and probe their2 angles; 9 EXAFS DebyeWaller factors; three nonstructural terms
distances and variances. The three-body terms are associated witleo, &2, and the experimental resolution. It is worth mentioning that

triplets of atoms and probe angles, betimbnd, and bond angle
correlations. Data analysis is performed by minimizing?dike

the number of fitting parameters does not exceed the estimated
“number of independent data pointsi,q = (20kdR/) + 2 = 36,

function that compares the theoretical model to the experimental for ok = 12.8 andR = 4.5. The independent data point to a number

signal.

of parameters ratio that ensures the fit is overdetermined, pointing

The phase shifts for the photoabsorber and backscatterer atom#Ut the reliability of the minimization.

were calculated ab initio starting from the structural model available

in the literature’® They were calculated according to the muffin-
tin approximation. The HedinLundqvist complex potentigl was

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

used for the exchange-correlation potential of the excited state. Thecompound, in fact, a more flexible model replacing the simple

core hole lifetime,I';, was fixed to the tabulated vaRfeand

Gaussian function is required. Theike (I') distribution#%4*proven

included in the phase shift calculation. The experimental resolution to be very useful in previous studied systefhd,“2has been also
used in the fitting analysis was about 2 eV, in agreement with the used here. This function depends on three parameters: the average

stated value for the beamline used. The valug§®has been found
to be between 0.78 and 0.91. The relevesnvalues 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 LiFeff@vailable
in the literature. This structural model was found suitable for the
analysis of all samples, including the amorphous FgR®en
though the crystalline FeRQs also known to have, besides the
olivine structure’® a quartzlike forn®® which is characterized by a

tetravalent Fe site. Owing to the amorphous nature of sample a,

bond distance, the bond variance, and the asymmetry coefficient
(skewnessp defined asKy/o®, whereKj; 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

and considering that the EXAFS parameters will be refined during LIFEPQ: material due to the strong interaction between the
the fitting procedure, there was no necessity of using two different Photoejected electrons and the potential generated from the

starting model. In addition, when a deviation of more that 10% of

neighbors of the Fe center in the investigated materials. This

a selected structural parameter (atomic distance, angle) occurredstudy intends to figure out how and how far the local

(33) Filipponi, A.; Di Cicco, A.; Natoli, C. RPhys. Re. B1995 52, 15122.

(34) Filipponi, A.; Di Cicco, A.Phys. Re. B 1995 52, 15135.

(35) Giorgetti, M.; Berrettoni, M.; Filipponi, A.; Kulesza, P. J.; Marassi,
R. Chem. Phys. Lettl997, 275, 108.

(36) Garcia-Moreno, O.; Alvarez-Vega, M.; Garcia-Alvarado, F.; Garcia-
Jaca, J.; Gallardo-Amores, J. M.; Samu#/. L.; Amador, U.Chem.
Mater. 2001, 13, 1570.

(37) Hedin, L.; Lundvquist, B. 1J. Phys. C1971, 4, 2064.

(38) Krause, M.; Oliver, J. HJ. Phys. Chem. Ref. Date079 8, 329.

(39) Mittal, R.; Chaplot, S. L.; Kolesnokov, A. I.; Loong, C. K.; Jayakumar,
O. D.; Kulchreshtha, S. KPhys. Re. B 2002 66, 174304.
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structure around the Fe center is altered by the chemical
lithiation of amorphous FePQand 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

(40) Filipponi, A.J. Phys.: Condens. Matter994 6, 8415.

(41) Filipponi, A.; Di Cicco, A.Task Q.200Q 4, 575.

(42) Dalba, G.; Fornasini, P.; Grisenti, R.; RoccaJFNon-Cryst. Solids
2004 345&346 7.
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Figure 1. Preliminary data reduction of the Fe K-edge EXAFS spectrum =) - 3
of sample b. The upper panel shows the raw EXAFS spectrumk?he '_8 E
extracted EXAFS is reported in the middle, and the relative Fourier < | £
transform of thek?-extracted EXAFS is displayed at the bottom. / E:
/
. 7108 7112 716 7120
literature). XAS spectra were hence recorded at the Fe -
K-edge of the amorphous FeP@ample a), amorphous 7100 7120 7140 7160 7180
LiFePQ, (sample b, after chemical lithiation of sample a), E(eV)
and submicrocrystalline LiFeR@sample c, after heating at  Figure 3. Experimental XANES spectra obtained at the Fe K-edge of the
550 °C of sample b)_ samples ac. The curves are normalized as indicated in the Experimental

Figure 1, upper panel, shows a typical XAS absorption Section. The inset shows a magnification of the preedge region.

spectrum obtained at the Fe K-edge of the lithiated amor- S . .
. ) thus providing information on both electronic and structural
phous material (sample b). The spectrum includes the near-

edge absorption region (XANES) extending to the first dlfferenc_es. Among the XANES features that are sensm_ve

oscillation beyond the main edge and the extended X-ray to the oxidation state of Fe only the preedge feature, which
- i itinKR7.28,43 i i

absorption region (EXAFS) lasting up to the final point of 's due o the 1s3d transition and lies in the energy

. . . . range between 7110 and 7115 eV, will be considered. In
the spectrum. The XANES region will be discussed first as . -
it is often used as a qualitative probe of the chemical bonding fact, although the edge and edge resonance regions (residing

and the oxidation state of the selected metal (Fe). The resultslsn tehc?rlr,:zngt Z%rct)stn?l';;hlzgn ZI\;] ?giocr-:‘p::ttlic\)/glo; g(saoxgh,\(l)svs
of the EXAFS analysis, discussed later, will provide the local P , "esP y

) ! L a shift toward lower energy from sample a to c, the use of
structure information as well as the estimation of the L . .
. . . . the preedge peak, as indicafaf the charge associated with
structural disorder around the Fe site. In Figure 1 is also

- : the Fe, is preferred because it involves a transition to bound
shown a preliminary data reduction of the EXAFS spec- . . . .
N . . . states. Besides, the edge resonance is associated with the
trum: the k®-extracted EXAFS signal is reported in the

: i : ; continuum and involves multiple scattering resonances of
n;|ddle plot while the_ relgtwe Foqner transform (FT) of.the the photoelectrorté and depends also on the interatomic
k>-extracted EXAFS is displayed in the bottom panel. Figure di d th dinati P
2 shows thek®-extracted EXAFS signals of the all three 'stances and the coordination geometry.

: ) A magnification of the preedge region for the three
samples investigated.

XANES. Figure 3 presents the XANES region of the XAS s?err;[:élej Iseg:f;agfs eerr1]t§rd mo?gggitsﬁsling\)jetr?a? I;Fgl\?é/: :
spectra obtained at the Fe K-edge of the compounds a P gep 9y

X i ) I I 7112 eV) in the lithi
Since the curves are normalized (see the Expenmentaltoward ower valuesR,, at about eV) in the lithiated

Section for details), it is allowed to directly compare the (43) cecchi, P.; Berrettoni, M.; Giorgetti, M.; Gioia Lobbia, G.; Calogero,

features shown by the three investigated materials. From the(44) SB-: SI,(tievaGnoyS %Jnor% 32'{1“ AgtaZEOtlt %%46;-2 1990
. L . . unker, G.; Stern, E. APhys. Re. Lett. , .
figure it is apparent that the XANES spectra differ both in (45) Clinton. D. E.; Tryk, D. A.; Bae, I. T.; Urbach, F. L.; Antonio, M. R.;

the overall shape and in the energy position of the main peak, Scherson, D. AJ. Phys. Cheml1996 100, 18511.
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R/ A 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
Figure 4. Experimental {-) and theoretical-f) FT k*weighted EXAFS the individual EXAFS contributions, in terms of two-body and three-body
signals of the samples & obtained at the Fe K-edge. A Hanning window  signals, to the total theoretical signal. At the bottom, the comparison of the
in the rangek = 3.5-15.9 A"* was used. total theoretical signal) with the experimental+) is also illustrated.

samples (b and c). On the basis of work available in the yring the best fits procedure (see below). The curves have
literaturé”*® the valence of Fe can be assumed in the been obtained by preliminary analysis similar to that of
compound a and-2 in compounds b and c. Moreover, at  gigre 1, using the same window of the correspondifig
the basis of th|§ analysis, it is difficult to infer about the Eyxafsg signals. The three curves appear different for both
number of F&" ions that go to the Fe, even though the ¢ jntensity and the position of the peaks. The submicro-
shift of the preedge peak is seen to be remarkable. The Sh'ftcrystalline LiFePQ shows three main peaks at about 1.8,
of the preedge peak also agrees with previous observations 2.8, and 3.6 A. However, the first one is more intense in
p_erformed on LiFePQelectrode material during charge/ o njithiated FePp (sample % than in the lithiated
discharge test. _ materials (samples b angd. @he two other peaks at higher
From the inset of Figure 3, a decrease of the preedge peak gyes are significantly visible only in sample ¢, whereas in

intensity is also observed. Preedge bands of iron(Il) and iron samples a and b these peaks are present among others of
(1) complexes were investigated extensively by Westre et |\, intensity.

al.*” 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-13d 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 mechani&m.

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 theg~eO
octahedron, either FeO bond length or G- Fe—O angle
variations. Our experimental findings imply that amorphous
FePQ (sample a) is characterized by a more distortedd~eO
octahedron than both the amorphous and crystalline lithiated
materials (LiIFeP@ 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

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 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

(46) Prince, A. A.; Mylswamy, S.; Chan, T. S.; Liu, R. S.; Hannoyer, B.; analy5|.s. o )
Jsfatn, g/l Cherré,ogl-t TéizHXsagg' S. M.; Le, J. F.; Wang, GS¥lid The interatomic distances and the corresponding EXAFS
ate Commu . . .
(47) Westre, T. A.. Kennepohl, P.. DeWitt, J. G.; Hedman, B.; Hogdson, !Z)ebye—WaIIer factors of the samples mvgstlgated are shown
K. O.; Solomon, E. 1J. Am. Chem. S0d.997, 119 6297. in Table 2. The errors associated with the parameters
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Table 2. Structural Parameters from EXAFS Fitting Results of Samptes with Estimated Parameter Errors Indicated in Parentheses

atomic dists/angles

MS signals and corresponding variance degeneracy sample a sample b sample ¢
y1@ Fe—O/A 1 2.11(2) 1.996(5) 1.99(1)
02 Fe—0/A? 0.013(7) 0.004(1) 0.002(1)
y2@ Fe—O/A 3 1.976(4) 2.090(3) 2.114(6)
02 Fe—0/A? 0.008(2) 0.018(2) 0.003(1)
y3®@ Fe—O/A 2 2.26(2) 2.31(3) 2.32(2)
02 Fe—0IA? 0.024(8) 0.033(4) 0.014(5)
y4® Fe-P/A 1 2.84(2) 2.86(2) 2.86(1)
02 Fe—P/A? 0.008(4) 0.009(3) 0.003(2)
ys?) Fe—-O/A 12 4.25(3) 4.32(3) 4.21(2)
02 Fe—0/A? 0.03(1) 0.03(1) 0.022(5)
m® O—P/A 4 1.55(4) 1.50(3) 1.47(3)
02 O—P/A? 0.024(5) 0.009(4) 0.003(2)
y6? Fe—FelA 2 4.85(3) 4.81(3) 4.70(1)
02 Fe—FelR? 0.03(1) 0.03(1) 0.010(6)
m® Fe—O—Pl/deg 4 141(2) 138(2) 132(2)
0? Fe-O—P/degd 39(12) 57(10) 21(8)
72 Fe-O—Fe/deg 4 122(3) 135(3) 121(2)
0? Fe-O—Felded 20(10) 21(8) 15(8)
Fe-P/A 4 3.32 3.34 3.29
Fe—FelA 4 3.78 4.08 3.8

aThe MS signals (path) correlated to the structural parameters are also indtdased.were obtained from geometrical consideration using the corresponding
three-body atomic configuration.

obtained with the EXAFS analysis are indicated as well. The ficient 5 approaches zero. From the fit outcome, it is seen
latter were determined by correlation maps (contour plots) that the asymmetric coefficieffitis 0.5(2) in compound b,
for each pair of parameters. Figure 6 shows the contour plots0.2(1) in compound a, and almost zero in compound c. The
for the Fe-0 first shell and theg, variable for compound  increase of the vibrational amplitudes of the-2 first shell
b, as an example. The estimated statistical error is associatedlistance and the value of the asymmetric coefficient indicates
with a 95% confidence intervé¥. a larger structural disorder present in sample b with respect
From the result of the fits reported in Figure 5 it is clear to samples a and c. Therefore, these data indicate that the
that all the signals included are important in determining the chemical lithiation induced an increase of the disorder in
total theoretical signal. The main contribution to the first the local structure of the Fe environment. The nature of such
shell Fe-O is given by the second signaf,® Fe-O, disorder is structural, and it is due to the insertion of Li
because of its higher degeneracy (3) with respegi®and ions in the FeP@ structure. In the amorphous lithiated
y3®@. Indeed, the comparison of the threg?) Fe—O signals material (sample b) the Lisites are not well established;
for the three materials reveals a lower amplitude of the however, the moderate heating step allows theibns to
oscillations in sample b with respect to that of samples a move in the preferred sites to give a more ordered material
and c. This is also evidenced by the comparison of the (submicrocrystalline sample).c
corresponding EXAFS bond variance (listed in Table 2) that A close inspection of the FeO distances related to the
is a parameter related to the vibrational amplitude of the bondfirst shell (taking into account the structural information
and takes into account both thermal and structural disorder.obtained from the signalg,® Fe—0O andy3® Fe-0) re-
The same behavior is seen for the EXAFS bond variance of veals the lengthening of the bonds while amorphous RFePO
the y5@ Fe—0 signal. This fact is significant because the (sample jis progressively transformed to submicrocrystal-
two signals take into account 5/6 of the Fe octahedron line LiFePQ (sample § with the main modifications
geometry. Though not always observed, the enhancemeniccurring during the first step of the synthesis (from a to b),
of the local disorder during ion insertion has been observedi.e., when iron is chemically reduced from Fe(lll) to Fe(ll).
in several other intercalation materials, like spinel lithium This behavior of the FeO interactions is found to be in

manganese oXxid¥,LixV¢013,°° and Zn\40s.1° agreement with literature resuffsHowever, the Fe O bond
Another specific parameter related to the structural disorder distances quoted for the crystalline sample c are different
is the asymmetric coefficierft for they,? Fe—O first shell. with respect to structural data on crystalline LiFgf¢F 5!

As pointed out in the Experimental Section, to take into available in the literature.

account the anharmonic effects of the first shell due to  Table 2 also indicated that the £ interactions in the
structural disorder, thE-like function was used, which leads  second and third shells are practically constant in all samples
to the Gaussian approximation when the asymmetric coef-investigated. The inclusion of an +© interaction at higher
distance {s5® Fe—0) is justified from the high degeneracy

(48) Filipponi, A.J. Phys.: Condens. Matter995 7, 9343, of this path (12) that makes this signal contribute appreciably
(49) Ammundsen, B.; Jones, D. J.; Roziere, J.; Burns, @Hem. Mater.
1996 8, 2799.
(50) Stallworth, P. E.; Kostov, S.; denBoer, M. L.; Greenbaum, S. G.; (51) Yamada, A.; Chung, S. C.; Hinokuma, K.Electrochem. So2001,
Lampe-Onnerud, CJ. Appl. Phys1998 83, 1247. 148 A224.
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Figure 6. Two-dimensional section of the parameter space referring to
the Fe-O first shell andg, (for sample b). Plots shows the three distance
R; Fe—0O, R; Fe—0, andR; Fe—O that correspond respectively to the signals
y1®@ Fe-0, y,® Fe—0, and y3@ Fe—0. The inner elliptical contour
corresponds to the 95% confidence level.

at lowk, in all samples. The FeFe interactions were taken
into account by means of the® signal and through the
12® Fe—O—Fe one. The best-fit results indicate an expansion
of the Fe-Fe interaction from 3.78 to 4.08 A during the
Li* accommodation into the amorphous network. This value
decreased to the crystallographic #neon the heating step
(sample c) following the general trend observed for the Be

Giorgetti et al.

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 A, one FeO at 1.99 A, and three FeO at
2.11 A, whereas the conventional crystalline LiFef5¢tis
characterized by by two FeO at 2.06 A, two Fe-O at 2.25

A, one Fe-O at 2.11 A, and one FeO at 2.21 A. On the
contrary, the Fe Fe interaction (long-range order) is quoted
similarly (3.86 and 3.87 A).

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 ¢ 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 pathg;;® Fe—O—P and#,® 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 matéfidl based on
single-shell contributions (shells around the photoabsorber)
were unable to select a fixed value of the coordination
number of the FeFe 3rd shell (2 or 4 in the refs 27 or 28).

In this application, the FeFe interaction has been probed
by ther® Fe—O—Fe multiple scattering path, which allows
one to monitor in the same framework without the inclusion
of new parameters the F©—Fe triplet (Fe-O distance and
Fe—-O—Fe angle) as well as the F&e 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 FgRIG2 chemically
lithiated precursor LiFeP£) and the submicrocrystalline
LiFePQ, obtained by a moderate heating at 58D. 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 LiFeR@hile
no differences were detected in the long-range order. Also,

first-shell distances. The same behavior is observed for theFe is reduced (mostly) from3 to +2 during the chemical

Fe—Fe interaction at higher values, with two Fe atoms
located at 4.70 A from the photoabsorber in the crystalline

lithiation of the amorphous precursor and the local structure
arrangement of Fe (octahedron) appears more distorted in

sample c. These results indicate that the new synthesisthe precursor than in the lithiated samples—Eefirst-shell

approach of crystalline LiFeP@roduces a material similar

distances increase during the same step. In addition, data

to the conventional one but with some differences detectableanalysis evidenced an enhancement of the structural disorder
in the short-range order of the Fe site, as appear from theduring the lithiation of the amorphous precursor, which is
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