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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 performe
on electrodes containing LiFeR@ determine the local atomic and electronic structure and their stability with electrochemical cycling. A
versatile electrochemical in situ cell has been constructed for long-term soft and hard X-ray experiments for the structural investigation on
battery electrodes during the lithium-insertion/extraction processes. The device is used here for an X-ray absorption spectroscopic study ¢
lithium insertion/extraction in a LiFePCelectrode, where the electrode contained about 7.7 mg of LiFeR@ 20um thick Al-foil. Fe
K-edge X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) have been performec
on this electrode to determine the local atomic and electronic structure and their stability with electrochemical cycling. The initial state
(LiFePQ,) showed iron to be in the Festate corresponding to the initial state (0.0 mAh) of the cell, whereas in the delithiated statg)(FePO
iron was found to be in the Bestate corresponding to the final charged state (3 mAh). XANES region of the XAS spectra revealed a high
spin configuration for the two states (Fe (lIf,ahd Fe (1), &). The results confirm that the olivine structure of the LiFgR@d FePQis
retained by the electrodes in agreement with the XRD observations reported previously. These results confirm thathtRe@®©material
retains good structural short-range order leading to superior cycling capability.
© 2005 Elsevier Ltd. All rights reserved.

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

1. Introduction of the materials a large proportion of the lithium can be
inserted/extracted reversibly.

The emergence of portable telecommunications, com-  Lithium insertion has been investigated in several Fe-
puter equipment and, ultimately, electric and hybrid vehicles containing compounds such assEeN, [2], LiFesOs [3],
has created a growing demand for improvements in energyFesOg4 [4], F&O3 [5] and FeP$[6]. These compounds rely
storage devices that are cost effective, operate for a longeron a Fé*/F&** redox couple and hence have a low open-
time, and are smaller in size and weiftlt Transition metal circuit voltage versus Li/lYi. The substitution of oxygen by a
oxides have been investigated as active cathode materialpolyanion MQ;®~ like sulfate or phosphate lowers the Fermi
because of their high potential versus Lifland in many level of the F&*/Fe** redox couple and thereby increases

the cell potentia[7-9]. This effect is more pronounced for
mpondmg author. Fax: +1 510 486 7303, comgounds with fewer covalent £@© bonds, where M in

E-mail addressadeb@Ibl.gov (A. Deb). MO4 N determines the_ strength of the-F@ cqvalency viaan

1 |SE member. inductive effect{10]. Since the demonstration of reversible
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electrochemical lithium insertion—extraction for LiFelPO on bifunctional oxygen diffusion electrodes containing
in 1997 [11], lithium transition metal phosphates with an La;_xCaCoQO;, which is used as a catalyst in these
ordered olivine structure, LIMPO(M=Co, Ni, Mn, Fe, electrodes[24,25] XAS studies on Lji_ xNig.gsC0p 1502
Cu) have attracted much attention as promising new cathodeand LikNip.gCop 202 cathode materials were performed to
materials for rechargeable lithium batterig2—15] One elucidate the changes in the oxidation state, bond lengths
of the most promising candidates for rechargeable lithium and coordination numbers of these materi®s,27]
cells is LiFePQ, with a theoretical capacity of 170 mAh/g Though there have been many cell designs, which until now
[11] and a voltage of >3.4V versus Li/ti LiFePQ; is have been successfully tested for short-term experiments,
inexpensive, non-toxic, non-hygroscopic and environmen- very few studies exist wherein cells have been used for
tally friendly. It occurs in nature as the mineral triphylite, experiments which extend for several days or even a week.
which has an orthorhombic unit cell (space grdemng After overcoming many obstacles, a transmission in situ
[16] and often contains varying amounts of manganese asXAS study was performed on nickel oxide electrodes by
in LiFexMn1 _xPQy. Both Li and M atoms are in octahedral McBreen et al[28] to observe the change in structure during
sites with Li located in the 4a and M in the 4c positions. The electrochemical oxidation. Due to the known limitations
oxygen atoms are nearly hexagonal closed-packed and thef in situ investigations e.g. difficult cycling set-up and
M atoms occupy zigzag chains of corner-shared octahedracomplicated multi-element assembly of a working cell,
running parallel to thec-axis in alternatea— planes. these experiments are more complicated compared to ex situ
These chains are bridged by corner- and edge-sharingmeasurements. A few workarounds have been developed by
POs3~ polyanions to form a host structure with strong cycling and disassembling cells at appropriate electrochemi-
three-dimensional bonding. The'lions in the 4a sites form  cal conditions, in this case a post mortem analysis is possible
continuous linear chains of edge-shared octahedra runningand the results may be substantially altered by examining
parallel to thec-axis in the othea—c planes. The Ri-O-Feyct states of the material which are not present under operating
linkage in the structure induces a superexchange interactionconditions. Upon charging and discharging a cell the lithium
that tunes the F&/Fe?* redox energy to useful levels (3.4 V) ions are extracted and inserted from the electrode material
[11]. The stable nature of the olivine-type structure having a and this reaction is seriously limited by diffusion and may
P43~ polyanion with a strong+PO covalent bond provides  take hours to reach equilibrium. Since we are interested in
not only excellent cycle-life but also a safe system. The fact studying the changes in the electrode material which may
that all oxygen atoms are not only bonded to Fe but also depend on the number of charge and discharge cycles, the
strongly bonded to phosphorous is advantageous for theexperiments can lastas long as several weeks or even months.
safety of the battery since oxygen is less likely to be releasedHere we used an in situ cell that is reusable and utilizes
at elevated temperature which makes oxygen ignition of kapton X-ray windows, is convenient to assemble in the
the organic electrolyte an unlikely accident. Low utilization glove box, and is portable. The effective design of the in situ
due to conductivity problems within the electrode and slow cell allows us to cycle the cell for several weeks without any
electron transfer kinetics at the iron phosphate retardednoticeable traces of corrosion of the lithium metal counter
its application to start with. Special coatings, small grain electrode. For a complete description and design of this novel
size and substitution of part of the iron by other metals are electrochemical XAS cell the reader is referred to Deb at al.
concepts to ameliorate these unattractive properties. When29]. In contrast to the earlier wofR9] where we have only
the electrode is fully charged, the reactivity with regard considered the initial and the final states during charging, for
to the combustion reaction with the organic electrolyte our discussion here we have shown the results for the various
is low [15]. states during the charging cycle, and have clearly shown how
Synchrotron based X-ray absorption spectroscopy is athis promising material is changing during cycling. This has
very useful tool to investigate the structural and electronic been done by studying the changes in the short-range order
properties of electrode materials. X-ray absorption near edgeof the Fe-O and Fe-P distances at various stages of the
spectroscopy (XANES) is an element-specific technique charging cycle.
sensitive to the local atomic and electronic structure of
the element of interedil7]. XANES and extended X-ray
absorption fine-structure spectroscopic (EXAFS) studies 2. Experimental procedures
have revealed details about the local coordination, site
symmetry, oxidation state, and bond character in Mn oxides  The LiFePQ powder used in this study was synthesized
and Mn-containing molecular compound$8-21] In order using the starting materials Fe(Nf2.9H,O (iron nitrate,
to study the atomic and electronic structure of these materialsAldrich), Li(CH3COO),.2H,O (lithium acetate, Aldrich),
and understand the changes occurring upon cycling, weH3sPQO,; (phosphoric acid, Sigma) and HOGEOOH
performed in situ Fe XANES and EXAFS on this material. (glycolic acid, Aldrich). The metal compounds were first
In the last few years the use of XAS in electrochemistry to dissolved in phosphoric acid and deionized water. This
study battery and fuel cell electrodes has gained momentumsolution was mixed until homogenous and was added to
[22,23] Recently XAS has been used to study catalyst glycolic acid (1:2 metal:glycolic acid ratio). Ammonium



5202 A. Deb et al. / Electrochimica Acta 50 (2005) 5200-5207

hydroxide was added to the solution to adjust the pH between3. Results and discussion

8.5 and 9.5. The solution was heated to 702@0under

N2 until a gel was formed. This gel was then transferred  The structure of LiFePgphas been investigated by a num-
to an alumina boat, heated slowly to 58D under flowing ber of groups[32,33] The structure shows the unit cell
N>, and then decomposed at that temperature for 10 h. Thecontaining four LiFeP@ units. The O-sites form a nearly
resultant powders were ground, dried, and then heated totetrahedral arrangement around the Phosphorus-sites and an
600 or 700C under a flow of N gas, for 5-15h. The approximately octahedral arrangement around each Fe-site.
reader is referred to Doeff et dB0] for further details of There are channels along the&xis, which can accommodate
the preparation of the electrodes containing LiFgPThe the mobile Li-ions. When IYi are removed electrochemi-
product was a single phase, as was verified by X-ray diffrac- cally the remaining FePOframework has the samnma

tion (XRD). The in situ cell was cycled galvanostatically symmetry with a 7% reduced voluni84,35] There are
using a Princeton Applied Research potentiostat/galvanostathree different positions and four different interatomie-Be
(model Versa). distances (% 2.2506A equatorial, 2x 2.0639A equatorial,

The X-ray absorption measurements, which included both 1 x 2.2034A axial, 1x 2.1077A axial). The cell had an elec-
XANES and EXAFS techniques, were performed on the trode area of 3.14 cfpand was charged at a current density of
bending magnet beam line DND-CAT of the Advanced Pho- 1 mA/cn?, which corresponds to a 3 h charge rate. EXAFS
ton Source at Argonne National Laboratory, with 100 mA measurements were recorded at different states of charge.
current at the top of the fill. A Si(111) double crystal Here for clarity we will be presenting the results observed at
monochromator was used for energy selection and the energystates of charge A (0.0 mAh), B (0.75 mAh), C (1.5mAh), D
resolution of the monochromatic beam was determined to (2.25 mAh) and E (3.0 mAh), respectively. For the potential-
be about 1eV as measured by the rocking curve width of time charging curve during the electrochemical oxidation the
the second crystal, while an active feedback loop maintainedreader is referred to Deb et §9]. The XANES regions of
the peak reflectivity of the monochromator. The large har- the X-ray absorption spectra are showrrig. 1 It shows a
monic content in the beam was rejected, by employing a rather strong shift of the main edge (Fe-2s4p transition
platinum-coated mirror. All the measurements were recorded and 1s— continuum transition) at the different states (A—E)
in the transmission mode using three ion chambers in seriesmeasured during the charging process, which is mainly due
to measure the intensities of the incident bdgnthe beam to the change in the valence state of the iron in the sample
transmitted by the sampleand the beam subsequently trans- during the charging process. The 1s electron of the Fe(lll)
mitted by the reference fdijes. The intensities of the incident  compound is more strongly bonded to the Fe nucleus than in
and the transmitted X-rays were monitored by nitrogen and the Fe(ll) compound. The edge is shifted by about 4 eV, and
helium filled ionization chambers. The monochromator was this is attributed to the change in valence state of iron in the
scanned in energy from 312 below to 1050 eV above the Fesample during the charging process. In addition, differences
K absorption edge (7112 eV). The Fe K-edge X-ray absorp- in the weaker forbidden pre-edge transitions Fe»13d can
tion spectra were measured in transmission mode at roombe seen and the main edge is also structured differently. The
temperature. Transmission ion chambers were used to meashift of the main edge from state A to E is due to the fact that
sure the incidentlg), transmitted I¢), and referencel ) the 1s electron in the Bé state is more strongly bonded to
signals. A 9um thick Fe foil was used as a reference, and
both foil andl¢; detectors were positioned behind the sample
along the direction [X-ray beargdetector/sampl&dampie
detector/Fe-foiliei-detector]. Data were collected using a
0.1eV step size through the edge region and a variable
step size, givingAkmax=0.05A-1 for the EXAFS region.
Reduction of the absorption data was performed using the
EXAFSPAK analysis package available from SSRL. Trans-
mission data from scans of each sample were averaged and the
background was subtracted using a straight line from 6800 to
7085 eV. The XANES were normalized using a quartic spline
fit through the background. Thgk) function was weighted
with k3 to account for damping of oscillations with increasing | /
k. The radial structure function was obtained by Fourier trans- i E— ‘ .
form of k3x(K) using ak-range of 1.5-16.A~L. Thek range 7120 740 7160 7180
was adjusted until the radial structure function exhibited no Energy (eV)
unexpected peaks below the anticipated®ealistance. The _ , _ ,
EXAFSPAK was also used to fit the EXAFS spectrum with Fig. 1. Calibrated and normalized XANES data at the Fe K edge during

. . . . charge. The A (OmAh), B (0.75 mAh), C (1.50 mAh), D (2.25mAh), and E
theoretical scattering paths, which were generated with FEFF (3 o manh) in the figure represent the different stages in the charge process
8 code[31]. at which the X-ray measurements were performed.

— A (0 mAh)

B (0.75 mAh)
— C (1.5 mAh)
—— D(2.25mAh)
—— E (3.0 mAh)
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Fig. 2. Pre-edge region of the XAS spectra, which show theand g
absorption bands at the stages A (LiFePénd E (FeP@). ’ - T . 7
the nucleus than in the Festate Fig. 2shows the dipole for- 2
bidden pre-edge transitions attributed to Fe-18d bands. 2
The ligand field resulting from the phosphate oxygen atoms, ;
. . . . 5
which are octahedrally co-ordinated to the iron, splits the 3d &
. e . =<
states into4g and g states. One can expect additional split- £
ting of these states as the oxygen atoms deviate from the 2
normal octahedral coordination (the-F@ distances change
by about 0.22). Thus the observed splitting of the 3d states

resulted from the crystal field splitting of thgyand g energy T 712 7014 7116 7118
levels. Previous observation reveals a 2 eV energy difference
between thezly and g bands for octahedrally coordinated
transition metal compound86], which is consistent with £y 3. (@) XANES spectra of the model compoundsi@(short dash),

our observation here during the charging process from statere(acac) (dash-dot), FeGp(dash-dot-dot) and FeR@solid line). The inset
A—-E. Holzwarth et al[35] showed with their DOS calcu-  shows the comparison of the XANES spectrum recorded at the stage E
lations that the ferromagnetic spin configuration (high spin) (solid line), with respect to the other Femodel compounds, in octahedral

s the most stable configuration for both the LiFqRd STt e0s (horcesh neFeaeadiasiod] Tne i e
FePQ. Thisis also confirmed by magnetic moment measure- gpecra for the model compounds. The different line codes are the same as in
ments of this compoun@7-40] Analogous to Holzwarth et Fig. 3a. The four spectra have been vertically shifted for clarity. The arrows
al.[35] Yamada et al[14] showed that the 3d electrons of Fe represent the position of the pre-edge peaks.

in FePQ and LiFePQ are high spin. Since the Fe sites are

in approximately octahedral environment th& Qons split shown for better understanding of the reader. FeR@s

the 3d states integ and g states and the Fermi level liesin  chosen as an example of ¥ein tetrahedral coordination
the Fe 3d states. With deviation from the octahedral symme-and o-Fe,03 and Fe(acag)were chosen as examples of
try, interaction of the O 2p and Fe 3d orbitals causes further Fe** in octahedral symmetry. Feghas been chosen as an
splitting of these states. The mixing of the O 2p and the Fe example of a & compound (where, Cp = cyclopentadienyl,

Energy (eV)

3d orbitals increases the transition probability of thes18d acac= acetylacetonate), FeP® usually considered as a
transition (which is dipole forbidden). As thg erbitals over- perfect model for Fe in tetrahedral co-ordinat{dd] while

lap better with the 2p orbitals, the transition probability o e  FeCp is a known stable sandwich compound and the X-ray
states would be higher. In the case of FgABe3*, ¢] it structure of ferrocene indicated a molecular center of sym-
would be more pronounced as thestates are less occupied  metry[41] (Dsq symmetry). The XANES spectra of the four
as compared to the Fe (1) compound. model compounds are shownHig. 3. The three compounds

Now turning our attention to the pre-edge feature, the containing ferric species are observed to exhibit a K-edge at
intensity of the pre-edge for the sample at the oxidized state significantly higher energy (7122.3-7123.2 eV) with respect
E is similar to that for the sample at state A, indicating to FeCp (7119.3 eV). Though the exact edge position of an
that the oxygen atoms retain the octahedral coordination. element in a material is also defined by the co-ordination
Here a comparison with appropriate model compounds ligands and their local symmetry around the absorbing atom
with well-defined oxidation and coordination states are (which explains the observed small difference of <0.1eV,
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among FeP@ Fe,O3 and Fe(acag), the main underlying ~ Table 1 o _
factor which determines the energy required to induce the Position and normalized intensity of the observed-18d pre-edge peak

. . . . and of the white line of the XANES for the different model compounds and
photoelect_nc effect on a 1s electron is th(_a omdayon str?\te .of for different states of charge of fePQ, (A, B, C, D and E) during charging
the absor'blng atom. Hence, more energy is requwed'tc') i0NiZ€yt the in situ cell
the deshielded metal ion with a higher electron deficit, and

this explains the resulting consistent edge shift in th&'Fe

Sample or Pre-edge peak White line
charged state

compounds with respect of the Fecompounds considered Position (eV)  Intensity  Position (eV) _ Intensity
here. This interpretation is also true for our observed consis- 7113.2(s) 0.044 7133.6 1.42
tent edge shift in the charging process of the electrode from ®F&0s 71144 0.058

the initial state A (F&) to the final state E (F€) [Fig. 1.BY Lo aese o TieES 141
electrochemical delithiation during charging of the cell, the recp, 7112.8 0.051 7133.8 1.40
stoichiometry changes from lkePQ to FePQ, and conse- FePQ 7114.1 0.125 7136.1 1.20
quently, iron is oxidized from P& (stage A) to F&" (stage ~ A(0.0mAh) 71133 0.054 7129.2 141
E). The corresponding XANES for the stage E, was recorded B (0-75mAh) - 7113.8 0.053 7130.2 1.38
approximately 3 h after the charging was started. The insetg 82?:2%) ;ﬂjg 8'822 ;g;g ig?

of Fig. 3(a) shows the XANES spectrum of this stage in g3 oman) 71154 0.055 7133.4 1.39

comparison with the model B&compounds (in octahedral
symmetry). The comparison again confirms the fact that iron

I 7 . ,
at stagg E (FePQis in th_e Fé" state. It is also important ._that white line intensities observed for the different states of
to mention here that as discussed above, the pre-edge reglogharge (A, B, C, D and E) during charging of the in situ cell,

which is assign_ed to 1s 3d transitions, at the_ dif_feref_“ shows a similar white line intensity to that observed for the
stages of chargingFig. 1], shows a weak intensity in this other F&* and F&* [FeCp, a-Fe:0s, Fe(acaa)] six-fold

region, indicating an octahedral co-ordination as opposed .tocoordinated (octahedral) model compounds (1.37—1.42:

the tetrahedrgl co-ordination for which a strong prg-edge 'S Table ), much higher than that observed for the four-fold
observed (as in the case of FeBOl'urnlr?g'our attentionto . it ~ted (tetrahedral) model compound [F&PD20],
the 1s— 3d pre-edge featurd-g. 3b)], it is seen that the thus once again reflecting that during charging of the in

pre-edge ii at slightly higher energy for3|1'a:ompo_unds . situ cell iron in LikFePQ at different charged states are in
than the F&" compound. Furthermore, the pre-edge intensity six-fold co-ordination (octahedral)

of I:Yell:’l? 1(|n t.er:rahedral symr:netry) IS (rjelgtlvely mt_ense Now we will consider the absorption data that are observed
(at hed : I) wit respecthto t € 5?3 an ?(ica?) (in at stage A (0mAh) and the oxidized electrode sample at
octahedral symmetry), w ere |n't '€ case o the latter two stage E (3 mAh) to monitor the changes in structure due to
compounds the pre-edge is split into two components of the charging of the cell. IFig. 4 we present thd3y(k)-

much Iowerri]nter}sit_y. Ilzorr]_t hﬁ ??_—i‘compount()js in ogt;ahedral function of the Fe K-edge EXAFS spectrum as a functiok of
symmetry, the re a_t|ve y higher |nten§|ty observe Oi(g;? (A~1) after performing standard corrections, which included
results from the higher degree of distortion from the ideal

octahedral symmetry with respect to Fe(agat)ence, the
pre-edge feature represents the degree of mixing of the
3p and the 3d atomic orbitals to form molecular orbitals.
In case of a perfect Psymmetry the degree of mixing is
zero, and it increases as the distortion increases in the O
symmetry and is higher in case ofy Bymmetry, hence
explaining the change in the pre-edge features in these
model compounds. Now comparing the pre-edge region
of this model compound FeRQ(tetrahedral symmetry)
which exhibits relatively a higher intensity compared to our
oxidized sample at the state of charge E (i.e. F@P@nce
again confirming that the Fe (lll) state at the final charged
state E retains the octahedral coordination of the oxygen
atoms. Another interesting feature of the XANES spectra
reported hereKigs. 1 and Bis the intensity of the white line,
which is proportional to the coordination of the absorbing
atom. The quantitative results obtained from the XANES Fig. 4. Observed®-weighted k3x(K)] Fe EXAFS at stages (a) A, (b) B, (c)
Spectra for the model Compounds and also from the different C, (d) D and (e) E during charging. Comparison of the experimental and
states of charge for the {FePQ electrode are summarized the FEFF fit theoretical analysis of thé-weighted Fe EXAFS spectrum

in Table 1 To briefly describe the interesting feature on the are shown for Fe(ll) recorded at the state A and Fe(lll) recorded at the state

. ) E, for LixFePQ. For both (a) and (e): circles symbol indicate experimental
white lines of the measured XANES spectra, we 0bServe gata and broken lines indicate FEFF fit theoretical results.

s: represents shoulder in the XANES spectra.

k% (k) [Angstrom™]

k (Angstrom-1)
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Table 3
Structural parameters resulting from FEFF fit foxE@PO4 during fully
charged stage E (3 mAh), derived from fitting the Fe-edge EXAFS spectra
2 Sphere Za—7 CN R(A) 2 (A210-3)
% k-range=1.5- 16.2A1
¥ 1st Fe-O 2 1.793 (5) 15(4)
= 1st Fe-O 2 1.996 (8) 2.2 (5)
§ 1st Fe-O 2 2.201 (5) 4.0 (7)
o 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)
0 2 4 6 Numbers in parentheses are statistical errors of the last significant digit.
Radial Coordinate (Angstrom) Notes:Z, — Zy represents the central absorber and the scattering atom (or

path) correlation, CN is the coordination numiRis the inter-atomic dis-
Fig. 5. Comparison of the radial distribution function obtained after Fourier tanceo? represent the Debye—Waller disorder parameter.
transformation ok®x(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.

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 fables 2 and 3
respectively. The FeO distances obtained for the two stages
A and E varied at the most by ol Using four Fe-O scat-
tering paths did not improve the fit substantially. The best fit
was obtained with three F© 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

e : - : : charged stage E while the He scattering distances varied
(A), which we obtained by Fourier transformationid(k) at the most by 0.A. Comparing all stages between A and E

over the limitedk-space range between 1.5 and 154, :
The radial structure function shows one strong peak at the(F'gS' 4 and jreveals that only subtle changes take place, the
structural rearrangement on lithium extraction igHePO4

start followed by two weaker peaks at higher distances. The .
peak positions in this radial structure function are close to is small, as seen froffables 2 and &nd the change in F&

the radius of the back scattering shells. Quantitative analysesCoordInatlon is minimal: the mean F@ distances are 2.13

were performed on the first three peaks aoppearing inthe radialf[’de 2.((j)JA,tfor dL.'FeEQ‘ "’}[Ed IZbePdQ,cjrgipectlvely. F or fa b:et—
structure function betweeR=0.5 and 4.1A. The structural €r understanding how the bond distances varies €

parameters shown iables 2 and &re obtained from the anlee_LP dgrln?tthe clr;arglngr?ndrgl_scgapr\glngj a}[qéjatr;tltatlve
FEFF fit analysis of LiFePQ using all possible scattering analysis using fitresults are showrig. 6. As pointed above

paths. The coordination atom of the first shell is oxygen,

background subtraction, energy calibration, normalization,
and weighting of the data witk® 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 cof#d] for the state A
and E, respectivelyFig. 5 shows the corresponding radial
structure function as a function of the inter atomic distafce,

[
=
f=1

Table 2 E . z
avte . o . A RT S — e FeO $.k g
Structural parameters resulting from the FEFF fit fofHePO4 during the z A A FeP A 13.09 &
initial stage A (0 mAh), derived from fitting the Fe-edge EXAFS spectra é 210+ . * :J
o o = A - CP
Sphere Za—2y CN R(A) o2 (A%2107%) $ 208} = HE ry
k-range=1.5-16.2A1 g 206} 2 " 507 &
1st Fe-O 2 1.991 (2) 1.2 (4) = B
1st Fe-O 2 2.122 (3) 2.4 (5) Q 204} @ 106 2
1st Fe-O 2 2.264 (5) 4.8 (7) = 50l o . z
@ T 7a
2nd Fe-P 1 2.799 (5) 1.8 (1) g - & 305 &
2nd Fe-P 2 3.179 (6) 4.1 (3) o Charge . Discharge _ g
2nd Fe-P 2 3.299 (2) 6.3 (3) Cgesl — o . . T 3T
0 20 40 60 80 100 80 60 40 20 0
grg :ze_:ze 2 i?;? g; ‘612 Eg; State of Charge (in percent)
r e-Fe . .

Numbers in parentheses are statistical errors of the last significant digit. Fig. 6. First shell average metabxygen and second shell average
Notes:Z, — Zp represents the central absorber and the scattering atom (or metat-phosphorus bond length changes during LH&PQ cell cycling.
path) correlation, CN is the coordination numkiis the inter-atomic dis- Thefilled symbols@) and (a) represent the FeO and Fe-P bond distances
tance o2 represent the Debye—Waller disorder parameter. as observed during different states of charge and discharge.
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no single Fe:O distance varies more than by & 2This again
shows the basis for the truly excellent cycling properties for

A. Deb et al. / Electrochimica Acta 50 (2005) 5200-5207
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