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Abstract

The electronic changes occurring upon electrochemical delithiation of the, Li&gO, solid solution were characterised by means of
in situ electrochemical’Fe Mossbauer spectroscopy on plastic batteries/fo8.1, 0.2 and 0.4. For thg=0.1 and 0.2 pristine materials,
two quadrupole doublets were observed in théskbauer spectra. The first one, with an isomer shift of 0.32—0.33Wyrissascribable to
Fe'" replacing Cd' in the octahedral sites of the Ceyer while the weaker second doublet, with an isomer shift of 0.24-0.19hm s
shows the presence of 'Fén pseudotetrahedral sites of the,Qi layers. Fory=0.4, all F¢' atoms are located on the octahedral sites of
the CoQ layer and the presence afLiFeO, as impurity was detected (16%). During the delithiation process tHeF&€V oxidation
was clearly evidenced by the appearance of a new subspectrum with an isomer shift in the @akigeo —0.01 mm s whose intensity
increases with the amount of deintercalated lithium. In all cases the amount of oxidised fooEs not exceed 56% of the total iron
content, i.e. the oxidation of the ftedoes not continue to completeness. This means that the oxidation'cfffe Cd' occurs simulta-
neously. The presence of iron in the,Oi layer and the difficulty of complete oxidation of 'Fecan explain the poor reversibility of this
process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction solid solution, because of the low cost and environmen-
tal friendliness of iron. Holzapfel et al. recently achieved
Lithium cobalt oxide LiCoQ s at presentthe mostwidely —an entire range of solid solution in this system using an
used positive electrode material in commercial Li-ion batter- ion exchange reaction Nag¢qgFeg,0, — LiCo;_yFg0, [3].
ies, due to its high reversible capacity (130-150 mAk)g Although many characterisations have been carried out on
and life cycle (300-500 cycles) and its easy preparation. this system during lithium deintercalatigd—8], using ex
However, the search for increased reversible capacity, safetysitu X-ray diffraction, Co and Fe K-edge X-ray absorption
problems which related to the instability of the delithiated and®’Fe Mdssbauer spectroscopies for the LiGBey 20-
phase and environmental reasons have stimulated intensiveomposition [9], the role of iron in this system is not
research to replace @b,2]. An interesting alternative would  well understood. In order to determine the lithium dein-
be the partial substitution of Co by Fe in the LiC9Fg,0; tercalation mechanism we have studied three compositions
of the LiCo,_yFg,0, solid solution y=0.1, 0.2 and 0.4)
— with in situ °’Fe Mbssbauer measurements upon elec-
" Corresponding authar. trochemical deintercalation. This hyperfine nuclear spec-
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induced by lithium intercalation—deintercalation processes 3. Results and discussion
[10]. The hyperfine parameters isomer shift (IS) and
quadrupole splitting (QS) are related to the oxidation states  Table 1summarises th&/Fe Mossbauer hyperfine param-
and local environments of the Fe probed element, respec-eters calculated from the spectra of the_LiCo,_yFe,0>
tively, and the proportions of different species can be deter- samples fox=0 (pristine materials) and at different stages
mined from their relative contribution to the total spectral during the delithiation procesx£0.15, 0.30, 0.45, 0.60,
absorption. 0.75, 0.90).
Fig. 2shows the Mssbauer spectra of the pristine samples
with LiCo;1_yFg,0, stoichiometry. Fory=0.1 and 0.2 the
2. Experimental principal quadrupole split sub-spectrum with an isomer shift
of ca 0.32 mmst is ascribable to P& replacing C8' in the
The preparation of the samples and the plastic batteries hagc00; layers. The second weak quadrupole doublet with an

been carried out as described in detail previof8Jy1]. The ~ isomer shift in the range 0.19-0.24 mmtsind a quadrupole
charges of the plastic batteries were done with intermittent Splitting of 0.42—-0.57 mm's" could be assigned to feon
steps at C/5 rateH{g. 1). pseudotetrahedral sites of theQilayers. The contribution of

The Mbssbauer data collection was performed during the this second doublet decreases as a function of the increasing
subsequent rest time of the batteries at constant Li composi-iron content, and foy= 0.4 it entirely disappears. In this case
tion and at room temperature with a classical EG & G con- another sub-spectrum with an isomer shift of 0.54 m's
stant accelerator spectrometer using/@o in a Rh matrix ~ and weak quadrupole splitting of 0.05 mmisis observed.
aswy-ray source. The velocity scale was calibrated using the Checking that there is no contribution of iron component
magnetic sextuplet spectrum of a high purity iron foil ab- from the cell and taking into account that this sub-spectrum
sorber and the origin of the isomer shift scale was determinedis present during the full discharge, it has been ascribed to a
from the centre of the--Fe spectrum. Experimental data Li—Fe oxide asimpurity. This impurity has not been detected
were fitted to Lorentzian profiles by a least square method by X-ray diffraction in Refs[3,6] because its percentage and

[12] and the fit quality was controlled by the classigél crystallinity are too low. Among the Li-Fe oxides, LiFgO
test. not electrochemically actij®,13], presents several forms;
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Fig. 1. Galvanostatic charge curves for LiCgFg,0, (y=0.1,0.2 and 0.4). ) . ‘ o ‘
Solid circles indicate the compositions atwhiéfe Mossbauer spectrawere  Fig. 2. >’Fe Mossbauer spectra of the LiCqFeO; pristine materials
recorded. (y=0.1,0.2 and 0.4).
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Table 1
57Fe Mbssbauer hyperfine parameters of 1iCo;_yFe,0> derived from the refined spectra showrFigs. 2-5
X y=0.1 y=0.2 y=0.4
smms?1) Amms?l) rmms?l) Cc®) smms? Amms?l) rmms?) Cc smmsl) Amms?l) rmmsl) C
(%) (%)
0 032(2) 0.27(3) 0.34 (6) 68 83 (1) 0.34 (1) 0.27 (4) 86 .82(1) 0.37(1) 0.28 (1) 84
024 (4) 0.57(6) 0.34 (6) 32 .09(3) 0.42(3) 0.27 (4) 14  B4(4) 0.05(6) 0.23(1) 16
0.15 027(3) 0.31(1) 0.35(5) 66 .82(1) 0.34(1) 0.33(4) 85 .B81(1) 0.35(1) 0.32(2) 70
0.18(5) 0.41(6) 0.35 (5) 19 - - - a7 0.08 0.32(2) 16

-0.17(5)  0.37(6) 0.35 (5) 15  —0.17 (4) o._27(4) 0.33 (4) 15 —013(4) 024 (1) 0.32 (2) 14

0.30 Q27(1) 0.26(1) 0.35 (5) 71 26(1) 0.39(1) 0.37 (3) 69 07(2) 037(2 0.42 (3) 56
_ _ _ - - - - - B4 0.0 0.42 (3) 14
—012(4) 0.24(4) 0.35 (5) 29 —002(2) 0.38(3) 0.37 (3) 31 -013(4) 0.31(4) 0.42 (3) 30
0.45 027(3) 0.20(3) 0.35 (4) 57 06(1) 0.36(1) 0.40 (1) 58  @5(3) 0.37(3) 0.41 (3) 37
_ _ _ - - - - - B4 0.05 0.41 (3) 15
—0.05(5) 0.22(4) 0.35 (4) 43 -009(2) 0.32(2 0.40 (1) 42 —0.08(3) 0.34(3) 0.41 (3) 48
0.60 033(2) 0.18(3) 0.37 (3) 45 28(1) 0.35(1) 0.41 (2) 48  p0(3) 0.35(3)
039(3) 36
_ _ _ - - - - - B4 0.0 0.41 (3) 15
—005(1) 0.21(2) 0.37 (3) 55  —008(1) 0.28(1) 0.41 (2) 52 —011(3) 0.34(3) 0.39 (3) 49
0.75 032(2) 0.25(3) 0.42 (4) 46 29(1) 0.34(1) 0.43 (2) 45 p0(3) 0.28(3) 0.40 (3) 35
_ _ _ - - - - - B4 0.05 0.40 (3) 14
-001(3) 0.15(6) 0.42 (4) 54  —012(1) 0.28(1) 0.43 (2) 55 —0.15(3) 0.32(3) 0.40 (3) 51
0.90 033 (1) 0.27(1) 0.35 (2) 44

013 ) 025 ) 0.35 (2) 56

2 Fixed parameter.

v andp which are characterized by isomer shift in the range
0.37-0.55mms! [14-16] In particular thed form, whose
crystal structure would be tetragonal and disordered as cubic
a-LiFeO, presents an isomer shift of 0.55 mmig15]. So
this impurity could be attributed to a metastable amorphous
form of LiFeQ,.

Figs. 3-5show the Mbssbauer spectra recorded during
lithium deintercalation. For all samples,'ite> FéV oxida-
tion is clearly evidenced from the first deintercalation step
studied k= 0.15) by the appearance of another sub-spectrum
with an isomer shiftin the range0.17 to—0.01 mm s and
a quadrupole splitting of 0.38—0.15 mm's These parame-
ters are characteristic of Meand indicate that Fé atoms are
probably located on tetrahedral sites as previously described
from ®’Fe Mossbauer measurements opNih_yFe,02 [17]
or LixCop.gFep.202 [9]. In addition, fory=0.1,y=0.2 and
x=0.15, one can observe that the first'Fatoms oxidised
are those located on the tetrahedral sites. These two results
indicate a preference of Peions for the tetrahedral sites,
and support the assumption of a partial ion migration during
deintercalation, that has already been discussed ir&&f.
For 0.15< x < 0.60, the oxidation of R to F€Y continues
with increasing lithium deintercalation. In addition, it should :
be noted that the quadrupole splitting values (which are in | 3 i ] ' !
the range 0.38-0.15 mm?¥) are consistent with a decrease
of the coordination number (CN) from 6 to 4, in agreement
W|th FéV in tetrahedral Sites. Th|S iS a|SO Consistent W|th Fig. 3. 57Fe Mossbauer spectra of 1ixCop.gFey 10, recorded on p|astic
a previous EXAFS studf7], which showed that CN(Fe) is  battery during the first charge.
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Fig. 4. 57Fe_ Mossbauer spectra of LixCop gFe.20, recorded on plastic Fig. 5. 5’Fe Mossbauer spectra of LixCop ¢Fey.40- recorded on plastic
battery during the first charge. battery during the first charge.

reduced from 6 to 4 in the case of the iron atoms, whereasin the pristine samples and different structural behaviour in
CN(Co) remains equal to 6 during the delithiation process. they= 0.4 sample cause a different behaviour in the XANES
As shown inFig. 6and forx < 0.60, the amount of oxidised  study during the delithiation of the sampledktsbauer spec-
iron is directly proportional to the number of deintercalated troscopy provides a direct determination of the iron oxidation
lithium atoms. state, without interference of such other effects, so that it can
For x>0.60 the relative contribution of the ¥esub- be concluded that the oxidation of teto FEV occurs si-
spectrum remains approximately constant, which indicates multaneously with the oxidation of ®bto CdV for all three
that iron is no longer involved in the oxidation process, but samples. The oxidation of e however, does not exceed
that only Cd' ions are oxidised further. about half the total amount of iron. This proves that the dif-
The results show that the oxidation of iron is possible ficulty of stabilising large amounts of Pein these layered
and confirm the combined X-ray diffraction and absorption
analysig6,7]. However, the oxidation of F& occurs simul-

taneously with that of Cb only until half the iron is oxidised 8y & e "
to FeV. At this stage the matrix effect of #o[7] seems to 50 o y=02 o 2
operate well for all three compositions. This is somewhat in 1w gl ;

contrast with the results of our previous XANES study, where 40

it was concluded that only in cobalt-rich samplgs 0.1 and 3 - 8

0.2) the oxidation of C and Fé' occurs simultaneously, z, ]

whereas in the iron-rich samplg£0.4) the C#' ions are 204

oxidised firsf7]. However, in the XANES study, a structural - 8

effect had been found to interfere in the edge energy shift ]

with increasing mean oxidation state of the transition metal o o

ions, which made the edge energies diminish again for the
lowest lithium contents in the case of the 0.1 and 0.2 sam-
ples. This was attributed to the appearance of a new phase,

which do‘?s not form foy=0.4. It may, hence' be pOSS_Ible Fig. 6. Relative contribution of the Pesub-spectrum to the total absorption
that the different amount of e present in tetrahedral sites  as a function of the amount of deintercalated lithium.
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oxides, together with the migration of the'F¢o tetrahedral

sites, is the reason why iron-containing layered oxides with

the a-NaFeQ-structure do not deintercalate lithium with a
high reversibility.
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