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Abstract

Commercial Li-ion batteries were studied in viewingestigate the degradation of the positive etslgrin an
end-of-life battery conditionPost-mortem analyses were performed by using SEM and DRX fecies;
structural and morphological changes after proldngycling were evaluated comparatively to a freathode
sample. The cycling procedure based on a constargrt (CC)/constant voltage (CV) charge and CCldisge
was executed, being the condition of end-of-lifétdry achieved after submitting the Li-ion batteoynearly
2000 charge/discharge cycles. EDS analysis revedftednium element as the dopant of a LiFgP@sed
cathode of the battery under study. According toa}(-diffraction results for the fresh (charged dtind)
cathode, the positive electrode includes in itsstitution a mixture of crystalline compounds, LiPand
FePQ. SEM images displayed and DRX patterns obtainadtfie cycled cathode showed modifications
compared to the fresh cathode results, evidentieglégradation of the battery at the end-of-liecrdase in the
density of microparticles associated to areas whiee insertion/de-insertion occurs; decrease of the
LiFePQJ/FePQ ratio; both results pointed out to the occurrenfebattery loss capacity with the imposed
charge/discharge cycles.
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1 Introduction charging. No energy storage device by itself abjual
satisfies the demands of automotive applicatiohs [3

Lithium-ion batteries, first introduced by Sony in . . .
1991 [1], have come to invade the market to replacép"?1rt from the high energy t_jensny a(_:hleved, other
Ni-Cd :and Ni-MH batteries, particularly in major advantages of using Li-ion batteries areldie

applications such as portable telephones, computef te of self-discharge and excellent charge/digghar

and other devices, which usually utilize recharggab e cycles. In addition, these batteries are
batteries. World production of Li batteries came toenvwonmentally acceptable. Whatever the technology

500 million units in 2000, and is bound to reach 4. used In_1its manufacture, . th_e . perf_ormance
billion in 2010 [2]. characteristics are related to the intrinsic propgrof

. . . _ the electrode’s materials.
Besides consumer electronics, the use of lithium io The useful life cvcles of charge/discharge and the
batteries is rapidly increasing in the automotive, Y 9 9

aerospace and defense sectors due to its eneréﬁ};l I|f§|ig10(1=,) ofatrhee gittgggzé{niat'?ﬂgd r?gt(ﬂ?:i agf the
density. Next generation cars are likely to be € interfgces t;etween t%e electrodes and electrolyte
by a combination of batteries, fuel cells and cépex yte,

; : " : while safety is a function of stability of matesal
in hybrid system configurations that allow batteryelectrode a>r/1d interfaces. The optimalycombinatibn o]

the group electrode-electrolyte-electrode can dody
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achieved through selective use of existing and newttractive due to its high stability, low cost ahigh
materials for the positive and negative electrodesl, compatibility with the environment (low toxicity).
the proper combination with the electrolyte, sat@s This compound has also a high lithium intercalation
minimize adverse reactions related to the interfaceoltage (~ 3.5V vs. Li) and is easily synthesis8H [
electrode-electrolyte  (critical phase of anyDespite all these advantages, the full capacity of
electrochemical system). LiFePQ, is difficult to be achieved, since its

In lithium-ion batteries, since the anode mateigal electronic conductivity is very low [9], which lesdo
carbon, not containing lithium, the positive eledt initial gqpacity loss and to slow diffu_sion oflibn ir_1
(cathode) must act as a source of ions of this Imetahe olivine structure [10]. At a lattice scale, rk
thus requiring intercalation compounds based ofléctronic and ionic conductivity is required to
lithium, stable in air, in order to facilitate theell ~ Preserve the neutrality of the total charge dutingy
assembly. The most common cathode materials atdhium-ion transport, being the chemical diffusion
lithium cobalt oxides (LiCog), lithium nickel oxides COefficient rate-limited by the slowest speciese@f
(LINIO ), lithium manganese oxides such as LiMnO the ways used for improving the electronic
and LiMn,O,, etc. In Table 1 some characteristics ofconductivity of these materials is the selectivpidg

cathode materials for lithium-ion batteries areof LiFePQ, by multivalent cations such as’AINb™
depicted. and zf*. This process was first made at the

Massachusetts Institute of Technology, by Chiardy an
o ] _colleagues, which showed that the electronic
Table 1. Characteristics of cathode materials ionductivity of lithium iron phosphate has increhse

lithium-ion batteries. 10 million times in relation to the conductivity tfe
Electrode Nominal Life cycles Specific charge undoped material, reaching up to“18cni" at room
material voltage (V) number (Ah/Kg) temperature [11]. The electronic conductivities

. obtained are far superior to other commonly used
L?COOZ 3.7 400 187 cathodes such as LiCe@- 10° Scm') and LiMn,O,
LiMn20, 3.7 800 148 (2x10° to 5x10° Scm'). The resulting doped
LiFePQ, 3.2 2000 170 LiFePQ, materials have storage capabilities that are
* Theoretical close to the theoretical limit of 170 mAhgt low

charge/discharge rates.

In this paper, the degradation of Li-ion battery
cathodes based on LiFeP@as evaluated by means
of a post-mortem analysis done to a battery sample in
the end of life and comparing it with the results
obtained in a fresh cathode sample in the charged
condition (without any charge/discharge cycle). The
failure analysis was conducted by using SEM
canning Electron Microscopy) coupled with EDS
éEnergy Dispersion Spectroscopy) and X-ray
diffraction on samples selected from the cathodes o
Batteries before and after charge/discharge cycles.

Initially, it was considered the use of the compibun
with a layered structure, the LiNjQas it displayed a
higher specific capacity (192 AhKYy compared to
LiCoO, [4, 5]. Afterwards, the substitution of the Ni
ions for the Co ion was adopted in order to proade
solution to safety problems (reaction with the
electrolyte). LiCoQ widely used in commercial Li-
ion batteries is however an expensive material an
requires an electronic circuit to prevent, in the
charging process, overcharging where the battery i
inserted [6]. This risk also limits the size of the
batteries.

In 1997, a research group at the University of Bexa2 EXperimental

proposed a cathode material never used befor%}ommercial Li-ion batteries with nominal voltage of

LiFePQ,, cheaper and safer than lithium cobalt oxide . . .
’ S 3.2V and having a graphite type negative electrode
the most common cathode material in the marketand a cathode based in lithium iron phosphate were

thh|utm 'rOS lphospt:ate with anl orldered fo,l,'v'rlle;ypesubjected to ~2000 charge/discharge cycles in dader
structure, belongs 10 a general class ot "poly Ionobtain an end-of-life condition. A series of four

compounds containing compact tetrahedral "anion'b tteri first disch d at 20A durind 1rh
structural units (X@Q" (X = P, S, As, Mo or W) with areries were first cischargec a uring - rho

¢ lent bonding in the latti ¢ d (constant current protocol). Afterwards, continuous
strong: covaient bonaing In the fatlice, 10 produc,qoq of charge/discharge were performed with a

higher coordinatipn sites such as oxygen octaheds e interval of 5 minutes between each charge and
that are occup|eq by other !‘?eta' 1ons. Otherdischarge step. The charges were done at a current
phosphates of lithium and transition metal such .aﬁensity of 10A and a maximum voltage of 14.5V for 3

Mn, Ni or Co have also been the subject of StUOIIe’ﬁours under constant current-constant voltage (CC-

due to their high theoretical specific capacity "
(170mAhg) [7]. However, LiFeP is the most CV) condition. The part of the cycle correspondiag
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the discharge of the batteries was carried ouhat t Electron Microscopy (SEM), coupled with Energy
same conditions of the first one. Dispersion Spectroscopy (EDS) using a Phillips XL
Cycled and fresh (in charged state) cylindricaidi- 30 Model FEG scanning electron microscope at 2kV
batteries (schematically illustrated in figure 1pre (t0 minimize charging of the uncoated samples),
manually dismantled in a fume-hood. After removal€duipped with an energy dispersive X-ray detector.

of the steel case at atmospheric pressure, therigatt X-Ray Diffraction (DRX) measurements were also
were left to stand for 1 h in a vacuum system. Thearried out, using a Rigaku model D/Max Il C
samples were then manually fully disassembledutomated diffractometer with graphite
(unrolled) in an Ar filed gloves box, allowing monochromated Cu radiation. Data were collected in
recognition and separation of the componentshe B range from 5 to 105° at a scan rate of 1.2%min
(cathodes, anodes, plastic cases, steel casesercopp

foils, polymer foils and electrical contacts).

3 Reaults
Hiued cloirovia 3.1 Battery cycling
Chargel/discharge cycles were performed for a series
+ | of four batteries. Typical results for one complete
cycle after the discharge of the batteries is shown
Figure 2.

The voltage variation profiles obtained by constant
current discharge and charge steps are shown,

= <Cell can together with the current profile during the
39V /»(': : W ; [\k o potentiostatic charge (constant voltage polaristio
Carbon — \ Li,FePO, As expected, the voltage value of the battery syste

decreases during the discharge (till about 10.5én
first and second discharges observed in the figure)
Fig. 1. Schematic drawing of the Li-ion batteriesand increases during the galvanostatic chargehi#n t
under study, showing the structure, components anstep, when voltage value reaches 14.5V, the switch
shape. Adapted from ref. 5. constant voltage charge (at 14.5V) is done.

Separator

The analyses of cathode samples before and after
charge/discharge cycles were done by using Scanning
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Fig. 2. Voltage and current variations with timettie charge/discharge cycling of the Li-ion basatidries used
in this work. The graph shows data for four ba¢t®idonnected in series.
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3.2 SEM and EDS analyses an area decrease of the regions where the inskelgion

. .__insertion takes place, bringing as a consequence a
In order to observe morphological changes assmmatqjecrease of the battery capacity

to the positive electrode and also to detect any
eventual elemental composition change, SEM/EDS

analyses were carried out on samples taken from Bhe results of EDS analyses made to the cathode’s
fresh and a cycled battery cathode. samples (figure 5) are consistent with the fact tha

SEM micrographs of the samples obtained at &athode of the Lijion 'batte.ry is base'd on a lithium
magnification of 5000 X are shown in Figures 3 dnd 'TON 'phosphate, with zirconium metal ions as dopant
respectively. It can be seen the presence of ¢ryst1@king it a compound of general formula
aggregates together with the presence of some tindé!F&xZrxP,0z

The aggregates are formed by microparticles with

irregular shape and various sizes (typically 0.5.tm .

and some with ~2m), which assure a high specific 7
area, and micropores, which allow the diffusioriref .
electrolyte to inner regions of the electrode. The ¢
battery cycled sample (figure 4) shows some changes

in morphology. fe

070 140 210 280 350 420 490 560 630 7.00
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Fig. 3. SEM micrograph of the fresh cathode sémple 070 10 2ID 280 380420 A4S0 8ED 60 TN

Fig. 5. EDS spectra correspondent to area anabfses
sample cathodes shown in Fig. 3 and 4: fresh (d) an
cycled (b).

3.3 XRD analyses

X-ray diffraction analysis was employed to evaluate
the crystal structure of the cathodes and ideraify
structural or crystalline composition changes viita
cycling.

Figure 6 shows the X-ray diffraction pattern foeth
sample of the fresh cathode. The overall patteiith(w
the presence of various sharp peaks) indicates a

bl i S 0 R P akg w4 relatively high degree of crystallinity. Diffractio

e ot M et D e ‘ peaks were identified as belonging to two crystalli
P, L T NI Y e A . R compounds: iron phosphate, FeP@2] and lithium
Fig. 4. SEM micrograph of the cathode sample of d&on phosphate, LiFePQO- "triphylite” [13]. The

cycled battery. diffraction peak marked "C" in the figure, refeis t
graphite, which is part of the Li-ion battery corsjte
athode. In Figure 7 is presented the XRD pattern f

e sample corresponding to the cycled cathode
battery.

After the cycles, the amount of micropores seems t
increase and to enlarge; simultaneously, the qyanti
of microparticles decreases. This may be indicative
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» The cathode is doped, for higher conductivity, with
zirconium metal ions, making the battery’s positive
electrode mainly consisting in a compound of
general formula LiF&r,.,P,0,.

* The cathode is shown to have been modified with
the imposed charge/discharge cycles. Changes were
observed either in the morphology, either in the
proportion of the existing crystalline compounds,
the iron phosphate and the lithium iron phosphate.

15 20 25 30 35 40 4 * The cathode microparticles regions decreased with
the battery cycling indicating degradation of the
2/° electrochemical active area of the cathode.
Fig. 6. X-ray d|ffrgct|on pattern for the fresh kafle |, Battery capacity also decreases as the conver§ion o
;amplg of th? Li-ion battery gnder study. Compounds FePQ to the lithiated form is only partially
identified are: FeP§Xe) and LiFePQ (o). achieved in the discharge cycle step.

References

[1] M.B.J.G. Freitas and E.M. Garcial. Power
Sources 171 (2007) 953.

[2] UMICORE, Materials Technology Group,
http://www.umicore.com

[3] Garry Golden, “Hydrogen storage could support
lithium ion batteries in electric vehicles”, 2008,
http://lwww.theenergyroadmap.com.

[4] A. Patil, V. Patil, D.W. Shin, J.-W. Choi, D.-S

Paik and S.-J. YoonMater. Res. Bull. 43 (2008)
%0° 1913.

Fig 7. X-ray diffraction pattern for the cycled batle 5] J.-M. Tarascon and M. Armand\ature 414

sample of the Li-ion battery under study. CompoundiZOOl) 359.

identified are: FeP£)e) and LiFePQ (o). [6] Science News 158 (2000) 399

L . [71 A.K. Padhi, K.S. Nanjundaswamy and J.B.
Similarly, the cathode battery after charge/disgbar Goodnough,). Electrochem. Soc. 144 (1997) 1188.

cycles presents a high crystallinity degree. Itespp [8] J. Chen, M.J. Vacchio, S. Wang, N. Chernova

that no distinct structural modification exists as .. e . .
change in peak position is observed when comparir;?'Y' Zavalij and M.S. Whittinghan$olid Sate lonics

with the fresh sample. It is noted, however, a 78 (2008) 1676.

increase in the proportion between the intensityasm  [9] A.S. Andersson, B. Kalska, L. Haggstrom and.J.O
of the iron phosphate characteristic peaks ancetbbs ThomasSolid State lonics 130 (2000) 41.

the LiFePQ peaks for the cycled cathode, [10] B. Jin and H.-B. GuSolid Sate lonics 178
comparatively to the same diffraction peaks(2008) 107.

proportion of the fresh cathode. This might be[ll] S.-Y. Chung, J.T. Bloking and Y.-M. Chiang
indicative that the amount of lithium iron phosphat Nature.Ma.lterialsll(ZC.)O.Z) 123, o '

has decreased. Also, in the cycle discharge steps t 4 . )
intercalation of lithium turns sluggish with timexc [1_2] JCPDS _Card 70-6685 (Pow_der I?|ffract|on
File, International Center for Diffraction Data,

the conversion of FeRQor the lithiated form is only

partially accomplished affecting the capacity oé th Swarthmore, PA).

battery. [13] JCPDS Card $©81-1173 (Powder Diffraction
File, International Center for Diffraction Data,
Swarthmore, PA).

4 Conclusions

» Cathode EDS analysis is consistent with a cathode
composition based on lithium iron phosphate.
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