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Abstract

C-LiFePQ composite was synthesized by mechanochemicalatictivusing iron and lithium phosphates and aldllose as carbon precursor; this mixture
was heated at 800°C under argon during a short tioreg range cyclings at different temperatures,(BI°C and 60°C) and at C/20 rate between 2 an¥ 4&
Li*/Li were carried out with this C-LiFeRCcomposite as positive electrode material in lithicells. Whatever the cycling conditions used, eatgood
electrochemical performances were obtained, withpacity close to the theoretical one and a gootedife, especially at RT — up to 100 cycles — ahd0°C with
~ 80 % of the initial capacity maintained after I8@les. The electrodes recovered after long rayygkng were characterized by X-ray diffraction; atéver the
cycling temperature no significant structural ctesgcell parameters, bond lengths, ...) were showoctorr. Nevertheless, iron was found to be preaetie
negative electrode — as already observed by Amideca-workers - after long range cycling at 60°ten analyses have to be done to identify the mgithis iron
(from an impurity or from LiFeP@itself) and to quantify this amouws. that of active C-LiFePOnaterial using larger cells.

Keywords lithium-ion batteries, LiFeP{) electrochemical properties, cycling in tempemtur structural stability, X-ray diffraction

. would be the major key factor to control for optiewl
L Introdu_ct|on . T . . electrochemical performances.

The increasing use of lithium-ion batteries in $pac  qhiimized LiFePQ materials deliver at room temperature
automotive an_d portable appl_lcatlons leads to NOOEET o ersible capacity close to the theoretical dree 170 mAh/qg)
researches to improve the positive el_ectrode nedseelready [16,17]. The lithium intercalation/deintercalatiograction occurs
used [1] but also to develop new materials. Saesthe work of as a two-phase reaction between a lithium-rich @has
Padhi et alin 1997 [2], olivine-like LiFeP@appears as an (Li..FePQ, £ — 0) and a lithium-deficient phase (HePQ
interesting positive electrode material for lithitiom batteries e—lfO) at a{ ~ 345V volta Li*/Li [2,18], two narrow soIic’i—
and has thus been widely studied in the last feavs/g8-7]. The solution domains bein g:%served ;ﬂ fhe wo  endsthef
main issue for LiFePg is its low conductivity [6,8]. lectrochemical rocessg 19

3 P [19].

Optimization of LiFePQfor good electrochemical performance The C-LiFePQ composite. synthesized after a short thermal

in lithium-ion batteries has been mainly achieved t{ ;
s . : . 1lreatment at 800°C and called in ref. [20], shows after a
synthesizing small particles [9] and by forming @lectronic few charge/discharge cyclessb:iet}asrt'oom témﬂaeraturen'pmg

conductive coating, that being often a carbon ogafil0-12]. . )
Note that the addigt]ion of meta?lic agents such gs?jhdt Cu hlls electrochemical properties (~ 160 mAh/g at C/2(e Present

been also considered to overcome the low eIectrorL‘ill%per focuses thus on the study_ Of. Its elect.rolod:Em|
conductivity [13]. More recently, Delacourt et.ahave performances, upon long range cycling in laborattiyium

synthesized by direct precipitation and pH con&raarbon-free cells at room temperature, 40°C or 60°C. X-rayrdgfion and

LiFePQ, sample with very small particles (140 nm), thaoveh struc_tural Rietveld refinements were also used heck for
also optimized electrochemical performances withg@od possible structural changes for LiFepP&dter cycling. Whatever

reversible capacity of 145 mAh/g at C/2 rate [14] the positive electrode material, and perhaps ealedn the
The main goal of our study was at first a{s desctiin €2S€ of nanosize materials such as LiFgPDch a study is

reference [15], to explore different synthesis dbods, then to indeed interesting in order to get more insighith'E_} stability
characterize the C-LiFeR@omposites synthesized and finall structural, .Che”."ca' ano_i surface)_ .Of the mateuabn_ I(_)ng
to correlate their physico-chemical and electrodbam ange cycling in classical conditions, but also aging
properties. Note that whatever the synthesis pasmeodified, conditions.

no significant structural and physico-chemical eliénces are
observed between the C-LiFePQomposites synthesized,
except for small differences — difficult to chaexize — from a
microstructure point of view (particles and aggloates size
distribution, pore size distribution and naturecafbon coating).
Nevertheless, all of these C-LiFePCcomposites show
electrochemical properties significantly differeffom each
others, suggesting thus that the microstructute@tomposites

2. Experimental

C-LiFePQ sample was synthesized as described in reference
[15] by mechanochemical activation. The reactatttg, iron
phosphate, synthesized as already described else\WHe and
the lithium phosphate (Aldrich), were mixed such as
Li/Fe ~ 1.05. Cellulose (Aldrich) was also initialadded. This
mixture was ball milled in a planetary mill (Frits¢Pulverisette
4") using tungsten carbide vessels and agate fdiks.resulting
+ Corresponding author (L. Croguennec) mixture was thermal-treated under argon flow in ubbutar
Tel.: +33-5-4000-2647 (Or'2234) Fax: +33-5-4000276 furnace at_ 800°C and the_ synthemzed sample isccdllyo in
E-mail address: laurence.croguennec@icmcb-bordemansxr the following. Note that it is called Egias in ref. [20] to



discriminate with that synthesized at 800°C buthwdt slow
thermal treatment.

Electrochemical tests were done on cast electrotlesse
electrodes were obtained from a mixture of 80 wtShilEePQ,
active material with 10 wt% carbon conductive agdit{Super
P, MMM Carbon), 10 wt% polyvinylidene fluoride bied(Solef
6020, Solvay) and 0.8 mg of N-methyl pyrrolidonestcan an
aluminum foil. This cast foil was dried one night5b°C and
pellets of 10 mm diameter were punched. These tpellere

then pressed at 10 T.@nand dried 48 h at 80°C under vacuum.

Considering the surface and thickness of thesetgeless than
2 mg of active material were present on each eldetfrleading

measurements, as well as XPS and Mdéssbauer spmxiyos

(transmission or reflection modes), has only shivat:

- (i) the structural model Li(LiFe)PO, is not valid for
LiFePQ, and can thus not explain the Li/Fe ratio larganth
1 and the presence of iron (Ill) in the sample,

- (ii) no ferromagnetic and crystallized containing Fe¢ich
impurities such as E©; and FeP [4,22] are detected in the
sample,

- (iii) surface study techniques do not show the presehce
iron (Ill) surface defects or of a preferential ggace of the
iron (l11) rich phase at the surface.

Nevertheless, note that in some experimental ciondit a small

to an estimated error of 5% on the specific capaciamount of LiFe;(P,0;)3(PQy), is observed as impurity. As in the

Electrochemical properties of this C-LiFepP@ctive material
were studied in coin cells containing also a lithifoil as
negative electrode, two Celgard® 2400 separatord an
Viledon® propylene foil wetted by a liquid electytd (1M
LiPFs in a mixture of polyethylene carbonate (PC), ethgl
carbonate (EC) and dimethyl carbonate (DMC) (1)1:Bhese
coin cells were assembled in a dry box under aaywh cycled
in galvanostatic mode at a constant C/20 rate beesponds
to a theoretical exchange of one electron per ftanduring
charge or discharge in 20 hours). Electrochemieatst were
carried out either with home made apparatus or aiBio-logic
VMP1 apparatus. After cycling, the cells were désamsbled in a
dry box under argon; positive electrodes were dnsgh DMC
and dried under vacuum.

Samples for X-ray diffraction (XRD), prepared irethlry
box, were maintained in a sample-holder which adldavkeep a
controlled atmosphere around the sample during riane 24 h.
XRD data were collected using a PANalitycal X'perro

sample concerned by this work the Li/Fe ratio igda than 1
and ~5-6at% of Bé are observed by Méssbauer
spectroscopy, we can assume the presence of ditblum-rich
amorphous phase with trivalent iron, especiallgynthesis with

a very short thermal treatment.

Long range €lectrochemical different

temperatures

Long range cycling experiments were carried outaaious
temperatures (RT, 40°C and 60°C) in the [2 - 4.5}sVLi"/Li
voltage window to study for possible changes in
electrochemical behaviour and the structure stgbikig. la
gives a comparison of the charge and dischargeeswttained
at C/20 rate for the %] 2d", 70" and 108 cycles at room
temperature. Note that for an easier comparisohave chosen
to apply a vertical 0.1 V shift to the charge aigtharge curves
reported in Fig. 1. Fig.2 gives capacity changer fan
Li || C-LiFePQ (Fexq cell charged up to 4.5 Vs. Li*/Li and

experiments _ at

the

diffractometer (Co K radiation, and iron filter, antiscatter slit ofdischarged down to 2 Ws. Li*/Li at room temperature. The

%° and divergence slit of ¥2° on the incident beaath) The
diffraction patterns were recorded in the [15 —°72pP) angular

average reversible capacity obtained in dischasgmdintained
over the 100 cycles around 160 mAh/g, that valurgoelose to

range using an 0.0167°fPstep and a constant counting time dhe theoretical one (~ 170 mAh/g). The shape ofctrerge and

12 s.

For structural studies, XRD patterns were refingd tihe
Rietveld method using the Fullprof program [21].eTheaks
profile was described with the Thompson-Cox-Hasifumction
to take into account the microstructure (size angirss effects)
for this material (LaBwas used as standard) [21].

3. Results and discussion

discharge curves shows almost no change even afier
hundred cycles, in good agreemenith the good capacity
retention observed upon long range cycling fopf@hen used
as positive electrode in lithium cells. Neverths]asote that the
first cycle is different from the next ones, withigher
polarizations at the end of the first charge arstithrge, those
suggesting that complete lithium deintercalation d an
intercalation are getting difficult due to limitedectronic and/or

As reported elsewhere [15], that C-containing LiBgP ionic conductivities. Note also that the differerfoetween the

composite synthesized at 800°C under argon ap@eags pure
olivine phase from an XRD point of view. Note thab
observation of carbon was possible suggestingxpscted, the
formation of a highly divided carbon (very smallheosence
length) from decomposition of cellulose at 800°@eTstructure

charge and discharge voltage plateau remains smeéltonstant
(~ 0.10 V) upon long range cycling and that thesviarsible
capacity at the end of the first cycle is ratheakridx ~ 0.05,
i.e. ~ 9 mAh/g). Consequently, kg exhibits good and stable
electrochemical performances upon long range aydinroom

of LiFePQ, phase was described in the Pnma space group &mperature. These results are in rather good mgnetewith

the cell parameters a=10.3294(2) A, b=6.0086(1) A,
c=4.6948(1) A and thuy = 291.38(1) & As expected from
the nominal stoichiometry, the Li/Fe ratio was fdufrom

chemical analysis superior than 1 with a,'d4e, 9P chemical

those recently reported by Amine et al. (capacfti40 mAh/g

at C/3 rate up to 100 cycles) for LiFePf@aterials synthesized

by solid-state reaction and coated with ~ 3.5 wf%avbon [23].
Fig. 1b gives a comparison of charge and dischatgees

formula and 2.9 wit% of carbon. Furthermore Mossbauer a Li || C-LiFePQ (Fex) cell cycled at 40°C and at C/20 rate

spectroscopy revealed the presence of about 5adtifon (111).
Note that the origin of these iron (lll) ions istn@t identified.
Indeed, combination of neutron diffraction,

in the [2 - 4.5] Vvs. Li*/Li voltage window, the corresponding
specific capacity change upon 100 cycles is giverFig. 2.

magoetiGood capacity retention is observed during 50 cyeléh an

average reversible capacity around 155 mAh/g (egitain the



error on the active mass to that previously regbateRT). As a
consequence of increased conductivities at highepérature,
the irreversible capacity and the voltage diffeeermetween
charge and discharge plateau are slightly smahan tthose
observed at room temperature. They are equal tanAfl/g

(Ax ~ 0.04) and to ~ 0.08 mV respectively. Considgtimat the
lithium test cells were coin cells made in our i&le. in non

optimized conditions), L|| C-LiFePQ cells with Fgy as

positive electrode material show very promisinglicgestability

even when cycled at 40°C, indeed more than 80 %hefnitial

reversible capacity is still maintained after 1§@les. Note that
the profile of the first cycle (ends of the" kharge and
discharge) is significantly modified with a tempteira increase
from RT to 40°C.

ential vs Li'ILi (V)
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287-------70" charge
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Fig. 1: Cycling curves obtained for ﬂi C-LiFePQ (Fenqo cells in the
[2 - 4.5 V] vs. Li*/Li voltage window, at C/20 rate and at RT (a), @Qb) and
60°C (c). Comparison of the charge curves and digghcurves obtained during
the £, 20", 70" and 108 cycles for cyclings at RT and 40°C and during1fie
15", 30" and 48 cycles for cycling at 60°C. Each charge / dischargrve is
shifted from the previous reported one of 0.1 V doreasier comparison (note
that the first charge and discharge are not shifted

Fig. 1c presents the results obtained for a simdiady
performed at even higher temperatume,at 60°C. The tendency
observed at 40°C is emphasized at 60°C, the lossymdcity is
faster, about 40 % of the capacity is lost aftely atD cycles.
The electrochemical characteristics - reversiblpacay of
~ 150 mAh/g and difference between charge and digeh
voltage plateau of ~ 0.06 mV - observed at therioggg of the
electrochemical tests are rather similar to thassd at RT and
at 40°C. Note that there is an increase of thevensble
capacity at 60°C (~25.5mAh/g withAx ~0.15). The
comparison of the first charge shape at increatngperature
shows the appearance of a new “plateau” abovevs.Vi"/Li.
Nevertheless the shape of the following first dé&ge is not
strongly affected, only a decrease of the firstltisge capacity

is observed with an increase of the irreversiblpacdy; this
shows that during the 4 - 4.5V¥&. Li*/Li plateau the lithium
deintercalation from LiFeP{Qs probably still going but together
with a secondary process, that is irreversible.sTbverall
phenomenon can be explained if one assume an lisible
electrochemical reaction occurring on the particderface
(electrolyte oxidation or/and material degradatiomhose
kinetics increases strongly with temperature. lddethis
reaction, becoming prevalent when the cell voltagelld reach
a critical valuei.e. above 4.13 Ws. Li*/Li, grows continuously
with temperature as shown in the example reponte#ig. 1.
Potentiostatic electrochemical tests done at sloanging rate
(10 mV steps every hour) and at room temperatumvsan
increase of an oxidation current (and thus a dedi@a) from
4.1V vs. Li*/Li for the electrolyte used (LIRF(1 M) in a
mixture of propylene carbonate (PC), ethylene caab® (EC)
and dimethyl carbonate (DMC) (1:1:3)). We thus assuhat
the electrochemical reaction occurring at high agdt is
associated to the electrolyte degradation, whigbrgnoted by
an increase of the cycling temperature in preseftkis highly
divided C-LiFePQ material. The greater this electrolyte
degradation occurs, the faster the capacity fadEkis
phenomenon can explain the high irreversible capaditained
for Li || Fespocycled at 60°C, which is indeed partially due to
the irreversible capacity associated with the #rsible
oxidation of the electrolyte. Moreover, the largelarization
observed at the end of this first charge shouldredese with
increasing temperature, whereas reverse is eftdgtobserved;
thus another effect as electrolyte degradation kasbe
considered to explain, at least in part, this iasee in
polarization.
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Fig. 2: Evolution of the reversible capacity vsethumber of cycles for
Li || C-LiFePQ (Fexo) cells cycled in the [2 - 4.5] Vs. Li*/Li voltage window,
at C/20 rate and at RT, 40°C and 60°C.

Note that the building of a new coin cell (with dhe
electrolyte, separators and lithium negative etet) using the
positive electrode recovered from the cell presgnmteFig. 1c



leads to the recovering of a discharge capacityurato type phases. In the following, the [15 — 22]° aagulomain has
150 mAh/g. It reveals that the capacity loss obsgrupon thus to be excluded for the Rietveld refinement.

cycling, at 60°C for instance, is more probably dme wetting

problem of the positive electrode due to the ebdgte Overieppingof peaks associated to the

olivine phases and to the battery's

degradation or to a lithium electrode degradatioantto the separators (S)
formation of degradation products at the surfacéhefpositive o0 o1 o0, SWT"‘”’
electrode that would lead to increasing resistance.

Using first-principles methods Morgan et al. haeeently
shown that lithium diffusion occurs through one-dimsional _ | A
channels along-axis in olivine-type structures and is one ordep =~
of magnitude faster in LFePQ in comparison to Li.FePQ <
[24]. This result implies significantly differentransport
properties upon charge and discharge and is ireaget with A
the observation by Srinivasan et al. [25,26] ofamymmetric
behavior between charge and dischargea significantly more
efficient charge in comparison to discharge in gsport
limitations conditions. As observed in Fig. 1lagkmpolarization
is observed at the end of the first dischargehat tase it could
be well explained by transport limitations becaiisdecreases
with an increase in temperature (see Figs. 1b — c).

Feyor-60°C-40cycles

Feyor40°C-100cycles

Fego-RT-100cycle

FeyrRT-1cycle

FeyrRT-1/2discharge

FeyrRT-1charge

1% discharge

—

FeyrRT-1/2charge

Pristine material
Feyoo

1% charge

X-ray diffraction study of the materials recovered after long A A : 0 ;'5 20 e pa

range cycling 20 (9
The materials recovered after these experimédrds,jong e

range cyclings at room temperature, 40°C and 60R€re Fig. 3 : Comparison of the X-ray diffraction patterrecorded forthe pristine

f . . s material Fey, Fe&oo after ¥ charge at C/20 and at room temperature
studied from a structural point of view by X-rayffdiction. (FesorRT-1/2charge), Fgoafter a first charge at C/20 and at room tempegatu

They are respectively associated to SOERT']-OOCYC'?S, (FerRT-1charge), Rgoafter a first charge and ¥ first discharge at G0 at
Fesor40°C-100cycles and gg-60°C-40cycles in the following room temperature (B&RT-1/2discharge), ke at the end of a first

(o Insance, FesRT-100cycles composite to figcyced at” SEEeieries s 1 €20 e L o b T e
RT during .100 cycles). Fig. 3 compares t_helr ?(—ctiﬁfractlon after 100 c))//cles at C/20 rate and at 4O°Q0(J—7t?)°C—10%rcycles) ar):d Eg’aftel:’
patterns with those recorded for the pristine nialtétfesoo and 40 cycles at C/20 rate and at 60°Ceff60°C-40cycles).
for Feygo recovered after a first ¥2 charge {feRT-1/2charge),
after a first charge (k@-RT-1charge), after a first charge and a In order to determine accurately the structure of
first %2 discharge (Fgr-RT-1/2discharge), and finally after onereg,,-RT-100cycles and to identify possible changesusthat
cycle (FgorRT-1cycle). Note that these latter materials wetsf the pristine material kg, refinement by the Rietveld method
obtained upon cycling at C/20 and RT. of the XRD data was performed using the Fullprafgram [21].
The XRD patterns associated togfpdRT-1/2charge and to Firstly, a full pattern matching refinement alloweddetermine
FesorRT-1/2discharge are characteristic of a two-phabeéure, the lattice parameters — the unit cell was desdrinehe Pnma
as expected from the biphased mechanism observe8.45 V orthorhombic  space  group  with a=10.3224(5) A,
vs. Li*/Li between the compositions jL.FePQ and LiFePQ. b=6.0025(3) A and c=4.6988(3)A — and the profile
The XRD patterns recorded at the end of the fitgirge and parameters of the Pseudo-Voigt function used tariss the
first discharge are characteristic of single phasasgood shape of the diffraction lines. Then, the strudtuedinement
agreement with lithium compositions close to x andl x = 1 for was carried out by considering the [{iFel,,PO; structural
Li\FePQ and belonging thus to the solid-solution domairtsypothesis. The Li/Fe ratio being very close toitlwas thus
observed at the very ends of the charge and digeh@ocesses fixed to 1. The isotropic atomic displacement pagtars
[19]. FerRT-100cycles recovered after a long range cyding (Biso(A2)) were refined. All the structural and fil® parameters
room temperature shows a XRD pattern characteristiaa obtained by the refinement by the Rietveld methbthe XRD
single-phase, that being a lithium-rich phase {E€PQ-type), data recorded for k& RT-100cycles are given in Table 1,
whereas both Rgr40°C-100cycles and kg-60°C-40cycles are whereas Fig. 4 gives a comparison of the experiaheand
two-phase mixtures, the main phase being the fithiich phase calculated XRD patterns. The small reliability farst
Li,.FePQ and the other the lithium-deficient phasg kéPQ. (Rwp=12.8% and R = 5.57 %) and the rather good
Note that extra-peaks are observed in the [15 2 aphular minimization of the difference lops— lac| function suggests a
range on the XRD patterns recorded for the eleeBaycled at good description of the structure ofgeRT-100cycles by the
40°C and 60°C. They were identified and associdgtedhe structure of the lithium-rich olivine-type phasehel main
Celgard® separator, indeed during the disassemhdihghe structural parameters determined for the gofe and
battery after cycling in temperature, the positectrodes were FeorRT-1cycle materials are summarized in Table 2 for
recovered stuck on the separator instead of beas @n the comparison. The cell parameters and the cell volume
aluminium foil. As shown in Fig. 3, there is an dapping (V =290.52(3) A for FenrRT-100cycles) are slightly smaller
between these extra-peaks and the (200) peakseoflivine- than those determined for the pristine materialg,dfe




(V=291.38(1) R) and for FgrRT-1cycle ¥ = 290.95(4) &) the experimental and calculated X-ray diffractioatterns. A
(Table 2), the cell volume decrease being assatiate a good minimization of the Jis. — l.ac] difference and rather small
decreasing lithium amount in the solid-solution ghareliability factors Rp,=14.4%, R =5.84% and
Li;.FePQ, as expected after an increasing number of cycl&wideficieny = 11.8 % are obtained, showing that this two-phase
Comparison of average bonds of gfgeRT-100cycles mixture with olivine-type structures describes wethe
(P-O~154A, Fe-O~216A, Li-O~215A) with ey Fesr40°C-100cycles XRD pattern. As shown in Table I t
(P-O~154A, Fe-O~217A, Li-O~214A) showso -cell parameters determined for these two phasesnarather
significant change. good agreement with those determined for

FeoorRT-1/2discharge, that sample being also biphasid a

obtained after a partial discharge. Again for

. i . i Feyor40°C-100cycles, there are no modifications of the

the x.ray difracion patiem recorded forseatter 100 eycles at C/20 and aiStrUCtLIe, the bond lengths are very close to thesermined for
room temperature (kg-RT-100cycles). Fesoo

FegorRT-100cycles

Space group : Pnma > - Yobs
a=10.3224(5) A V =290.52(3) & < - :gz';mlc
b :f60808285((33))£ - *  Sample-holder
c=4.
Site Wyckoff positions OccupanicyB(A?)
Li 4e 0 0 0 1 4(2)
Fe |4c 0.2823(6 1/4 0.976(2 1 4.6(3
P |4c 0.095(1 1/4 0.416(3 1 3.4(3
O |4c 0.097(3 1/4 0.740(6 1 4.4(9
O, |4c 0.460(3 1/4 0.201(3 1 2.9(7
O; |8d 0.165(2 0.041(3 | 0.289(3 1 2.8(5
Conditions of the run i i
Temperature 300 K
Angular range 15°<20<75°
Number of points 3584
Displacement sample holdergj2 -0.171(3)° [ N N T I I AN (N IR TR TR R (AT
Number of fitted parameters 24 T T T T T T T T T T T
i 20 30 40 50 60 70
Profile parameters: 20 (9
Thompson-Cox-Hastings function co
Y =0.088(4) ) . . i i
U=0.12(1) Fig. 4: Comparison of the experimental and caledlat-ray diffraction patterns
V = -0.0017 fixed* of Feyo recovered after 100 cycles of an ||_iC—LiFePQ (Fesoo) cell between 2
W = 0.00383 fixed* and 4.5 Ws. Li*/Li, at a C/20 rate and at RT @eRT-100cycles).
*LaBe used as standard
Conventional Rietveld R-factors for points with Bragg contribution Exactly the same refinement procedure as that deed
Rwp=12.8% ;B = 5.57% Feor40°C-100cycles XRD data was followed for

Feor60°C-40cycles. A two-phase mixture was also carsid.
Note: standard deviations have been multiplied pth8 Scor parameter being Fig. 5 gives the comparison of the experimental aaldulated
2.75. X-ray diffraction patterns, which shows a really ogo
minimization of the [hs — l.ac] difference. As expected from

For Feo-RT-100cycles, structural study shows that there fég. 6 the reliability factors calculated for ththiated phase are
no significant structural change ofgggafter 100 cycles betweensmall Ry =13.1 %, B(Liricny = 4.27 % and
2 and 4.5 Ws. Li*/Li at C/20 rate and at room temperature.  Re(ideficienty = 9-86 %. Note that all the structural parame(ass

The electrode material recovered after long rangéing at reported in Table 2 for instance for the cell peeters)
40°C was also characterized from a structural pofntiew determined for Fgyr60°C-40cycles are similar to those
using X-ray diffraction. As already mentioned, tregular range calculated for Fg40°C-100cycles, showing that no significant
[15°- 22]° had to be excluded for the Rietveldmefnent due to Structural change occurs upon cycling at high teatpee up to
an overlapping of the (200) diffraction lines asated to the 60°C.
olivine-type phases and those of the Celgard® sépa A Despite no significant structural change was detedbr
very similar Rietveld refinement - to that descdbgust materials cycled either at RT or at high tempeggture can not
previously - was performed to analyze thg.f40°C-100cycles €xclude the possibility for iron dissolution upoang range
X-ray diffraction data, except that two phases welen into cycling of C-LiFePQcomposites. Indeed, according to Amine
account. Both phases were described by the olityipe- €t al. the dissolution of iron into the electrolyteuld be due to
structure and the structural model,JLi[Fe].PO,, x being fixed the iron dissolution from the positive electrode 3][2
to 1 and O for the lithium-rich LiFePQ and lithium-deficient Nevertheless, Koltypin et al. suggest that irorsalistion occurs
Li-FePQ phases, respectively. Fig. 5 gives the comparifon©nly in presence of water or acidic species inefeetrolyte due



to the formation of HF [27]. Furthermore, resulsported negative electrode and would then prevent any gewersibility
recently by Axmann et al. suggest that the ironsaigion of the redox phenomenon due to the poisoning ofnégative
would be probably linked to the presence of imesitindeed electrode and to a decrease of the active electmiss. In our
they have shown that an JPe content leads to higher ironcycling conditions — in comparison with those ubgdAmine et
concentrations in the electrolyte after storag®GRC for two al. [23] — slower rate (C/20s. C/3), higher temperature (60°C
weeks. This latter study also shows that, desgiis tron vs. 55°C) and higher voltage (4.5 Vs. 4.0 V) should have
dissolution problem, LiFePOmaterial shows excellent storagg@romoted iron dissolution reactions. At the endtlaed cycling
stability in electrolyte in comparison with otheobramercial tests, qualitative analyses by X-ray fluorescengecsoscopy
positive electrode materials such as Lj)Klo,sAl150, were done on different lithium negative electrodssled at
LiMn20; ...[28]. 60°C, it was possible to clearly identify the irtm; and KB,
peaks on the X-ray fluorescence spectra. Nevedbgele
quantitative analyses are necessary for correlatiegrly the

e presence of iron at the negative electrode to aiplescapacity

— Ycalc

1(A.U)

S vobseale fading of C-LiFePQ composites upon long range cycling,
gs T especially in temperature. Analyses of larger riggatlectrode
| recovered from larger cells should allow deterngniime amount
! H and origin of this iron: from LiFePQtself or from an impurity?

¢ Yobs
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Fig. 5: Comparison of the experimental and caledlaX-ray diffraction patterns
of Feoo recovered after 100 cycles of an |LiC-LiFePQ (Feoo cell between 2
and 4.5 Ws. Li*/Li, at a C/20 rate and at 40°C ¢xe40°C-100cycles).
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Table 2: Comparison of the cell parameters obtaibgdthe Rietveld
refinement of the X-ray diffraction patterns receddfor the pristine material
Feoo Feoo after Y% charge at C/20 and at room temperature
(FesorRT-1/2charge), Fgoafter a first charge at C/20 and at room tempegatu
(FerRT-1charge), Reoafter a first charge and a . first discharge aD@&d  Fig. 6: Comparison of the experimental and caledat-ray diffraction patterns
at room temperature (ggRT-1/2discharge), kg at the end of a first of Fey, recovered after 40 cycles of an ||iC-LiFePQ (Faoo) cell between 2
electrochemical cycle at C/20 and at room tempegatiieo-RT-1cycle), Feo  and 4.5 Ws. Li*/Li, at a C/20 rate and at 60°C ¢&e60°C-40cycles).
after 100 cycles at C/20 rate and at room temperatisg.-RT-100cycles),

Fesoo after 100 cycles at C/20 rate and at 40°GyH40°C-100cycles) and kg

after 40 cycles at C/20 rate and at 60°Gdf80°C-40cycles).

a(h) bA cA VA

10.3263(6) 6.0057(4) 4.6931(4) 291.05(4)
0.821(2) 5.7917(9)4.7852(8) 272.17(9)

Fegor60°C-40cycles

10.3236(6) 6.0042(4 4.6926(4) 290.87(3)
0.822(8) 5.790(1) 4.782(2) 271.9(3)

Fegor40°C-100cycles

FesorRT-100cycles 10.3224(5) 6.0025(3) 4.6888(3) 290.52(3)

10.3239(6) 6.0050(4) 4.6932(4) 290.95(4)
10.314(1) 6.0011(8 4.6941(7 290.55(7
0.820(1) 5.7921(5 4.7796(5 271.87(5
0.8207(8) 5.7913(4)4.7798(5) 271.85(4)
10.3224(6) 6.0043(4 4.6932(4 290.884)
0.828(1) b5.7955(4 4.7815(4 272.32(4
10.3294(3) 6.0086(2) 4.6948(1) 291.38(1)

FegorRT-1cycle
FesorRT-1/2discharge

FegorRT-1charge
FegorRT-1/2charge

Fesoo(pristine material)

Note that significant iron dissolution into eledyte would
induce capacity fading and that dissolution woudd dztivated
by an increase of the cycling temperature. Ind¢kése iron
ions, even present as traces, would be reduceHteatithium

Conclusions

This study was focused on the electrochemical peidoces
and structural stability of the C-LiFeR@omposite Fgq -
synthesized after a short thermal treatment at@030ipon long
range cyclings at different temperatures (RT, 48A@ 60°C) in
the [2 - 4.5] Wvs. Li*/Li voltage window with a C/20 rate.

At room temperature, the Lui C-LiFePQ (Fey lithium
cells show small polarization, good reversible citya
(~ 160 mAh/g) and good capacity retention up to t§6les.
Good capacity retention is also observed duringc$€les for
long range cyclings at 40°C, with a good reversitdgpacity
(~ 155 mAh/g, equal within the error on the activass to that
found at RT) and with smaller irreversible capacid
difference between charge and discharge voltag@emplateau
than at room temperature, due to the increase afsport
properties at higher temperature. After 100 cychlasye than
80 % of the initial reversible capacity is still mt&ined;
Li || C-LiFePQ cells with Fgy as positive electrode material
thus show very promising electrochemical perfornesneven



when cycled at 40°C. Long range cyclings at 60°@ehshown 2
as expected a faster loss of capacity: about 40 %eoinitial
capacity is lost after 40cycles. Faster degradatiof ,
electrochemical performances with the temperatuas mainly
associated with parasitic reaction above 4.Yv%/ Li*/Li, as 5
shown by the change in charge profiles — espedia#yfirst — at
40°C and patrticularly at 60°C compared with thobtaimed at
room temperature. 7

Materials recovered after long range cyclings wsxalied
from a structural point of view by the Rietveld irefment of
their X-ray diffraction data. Materials recoverdtealong range o
cycling at RT present a XRD pattern characterisfi@ single
lithium-rich phase with parameters slightly smaltean those 10
obtained for pristine kg and in good agreement Withll
parameters obtained for {gRT-1cycle. Moreover, comparison
of P-O, Fe-O and Li-O distances shows no significdructural 12
changes. After long range cyclings at 40°C and 6GGwo-
phase mixture is obtained with the main phase biedithium-
rich phase Li.FePQ and the other the lithium-deficient phase4
LigFePQ, the two described with an olivine-type structure.
Structural parameters obtained by the Rietveldnesfient of 15
their XRD data were shown to be in good agreemeifit those 4
expected for a Li;FePQ - LizFePQ two-phase mixture.

Note that despite no structural change was detefied 17
Feor60°C-40cycles, qualitative analyses by X-ray feswence
spectroscopy were done on different lithium negalectrodes
after cycling at 60°C. On the X-ray fluorescencedcts, it was 19
possible to clearly identify peaks due to iron. Bigheless,
gquantitative analyses, for example on larger negatiectrodes
recovered from larger cells, are necessary foretating clearly ,;
the presence of iron (amount and origin) at the atieg
electrode to a possible capacity fading of C—-LiFgBP@nposites 22
upon long range cycling, especially in temperature.
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