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Abstract —LiFePO, was prepared in a solid state synthesis with
various levels of carbon content. LiFeP@C thin films were obtained
via magnetron sputtering. The surface morphology amh structure
was examined. Electrochemical properties of LiFePgC were
studied, by using cyclic voltammetry, chronopotentmetry and
electrochemical impedance spectroscopy. Thin filmecquired show a
potential use as a cathode in lithium ion batteriedisplaying charge
capacity up to 34 mAh ¢-
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|. INTRODUCTION
LiFePQ is a cathode material for rechargeable lithium¢lan

ion) batteries. LiFePOhas been recognized as promising due t,g

its good thermal and cycling stability, environnant
compatibility, low manufacturing cost and relativehigh
theoretical charge capacity of 170 mgh[1,2].

As the environmental issues caused by the burriirfgssil
fuels become more and more urgent, and global wagrfiorces
to lower carbon emission, it is necessary to create cheaper,
safer and less polluting way of storing energy fpeen
technologies such as electric vehicles (EVs). hikatteries offer
a relatively easy way of storing energy and haveine more
and more popular ever since they were first pateinted 991 by
Sony [3]. Li-ion batteries are the most popular way tidrieg
energy in EVs, therefore the EV Li-ion battery nadris expected
to grow from $ 878 million in 2009 to $ 8 billion 2015 [4]. The
low cost, high safety and high cyclability of LiFePmake it one
of the most promising cathode materials for the inski-ion
batteries intended for EVs.

The most popular Li-ion battery cathode materialitSoO,
[3], other popular cathode materials are Ly LiNiO, and
V.05 [5]. Although it is only recently that the LiFeR®atteries
have emerged, 10 of 45 EV models manufacturedxnzgears
will be supplied with LiFePQ batteries, making LiFeRChe
most popular cathode material in Li-ion batterietended for
EVs [6].

Main problems restricting wider use of LiFeP@ Li-ion
batteries are its low conductivity and poor ratpatsity. A
possible solution for these problems is the usthefthin film
technology and a carbon additive therefore incngabioth the
surface and the conductivity of the cathode [7&]. far little
research has been done on the structural and oeleemical
characteristics or the kinetics of LiFeP@in films [7, 8, 9, 10,
11].

In this study LiFeP@C targets with various carbon conten

were prepared and sputtered using magnetron spgttedirect

t

current (DC), radio frequency (RF) or both combifB&/RF).
The electrochemical characteristics of LiFgfOthin films are
related to conditions of preparation, structure,rfase
morphology and carbon content.

Il. EXPERIMENTAL

Pure LiFePQ was obtained in a solid state reaction by using

stoichiometric amounts of lithium carbonate@®;, iron oxalate
FeGO,2H,0 and ammonium dihydrogen phosphate,NsfC,
(all from Sigma-Aldrich,>99.9%) as precursor materials. For
LiFePQJ/C sucrose or carbon black (both from AldrieB9.9%)
were added.
The stoichiometric mixture of reagents was firdt twélled for
0 minutes. The fine powder obtained was then tedein a
ceramic crucible and heated at a temperature 6¥766€C for 5-
6 hours in a nitrogen atmosphere. A perfectly atljzed
LiFePQ, sample was obtained at 1100 °C aahnosphere.

LiFePQ/C thin films were deposited on polished stainless
steel, glass and silicon by direct current (DCllicafrequency
(RF) and combined (DC/RF) magnetron sputtering. TEnget
used for sputtering was obtained by hot pressiag-thePQ/C
powder on a copper pad (150 mm in diameter) heaté80 °C
with a pressure of 20 Pa. The sputtering time atid between
DC and RF magnetron sputtering were varied in c@ebtain
various thin film thicknesses of 50 to 1000 nm. aktpof the thin
films was annealed at 600°C for 1 h in the argomoaphere to
increase the degree of crystallization.

The crystal structure of both thin films and LiFefDpowder
was examined by X-ray diffraction (XRD) using alipisi X'Pert
Pro MPD diffractometer with CyKradiation and by Raman
spectroscopy, using an Advantage-785 spectrométierawaser
wavelength ofi=785nm. The thin film surface morphology was
characterized by scanning electron microscope (SEM) Zeiss
EVO 50 XVP. Electrochemical measurements wereezhout in
a three electrode electrochemical cell was corstluin an
argon-filled glove box with a metallic Li as botlounter and
reference electrodes in a 1 M LiGHOC electrolyte (PC —
propylene carbonate). The electrochemical measutsnoé the
LiFePQJ/C thin films were performed at 20°C and argon
bubbling was performed directly in the cell befoeach
measurement.

Cyclic voltammetry and chronopotentiometry measemss
were performed by using Voltalab PGZ-301 poteraitosEyclic
voltammetry was done for both annealed and nonadehe
LiFePQ/C thin films on a stainless steel substrate. Gharg
discharge measurements (chronopotentiometry) weme evith
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various current densities in a range of 1-100 upA/cmimpossible to register any Raman spectra for tieRQ thin

Electrochemical impedance spectroscopy (EIS) waiedaut at
various states of charge by applying an AC sigrid amplitude
of 10 mV in a frequency range from 65kHz to 1 mkng a
Solartron 1287 electrochemical interface with aaBamin 1260
frequency response analyzer.

lll. RESULTS ANDDISCUSSION

A. Structure and Morphology

films before annealing, while after annealing smRiman
scattering was observed. It was too weak, howeteerhe
interpreted.

The XRD pattern of both synthesized LiFgRO powder
and thin films are shown in Fig. 3. All observedfrdiction
peaks can be indexed with the orthorhombic olitiype
structure (space group Pnmb) in agreement withvbé-
crystalline single phase LiFeRMiffraction peaks of the thin
film are less explicit than those of the powder pkn

A mono-crystalline LiFeP® sample was synthesized toNevertheless, they still indicate the same orthoibic
register the LiFePQreference Raman spectra using 785 nrolivine-type structure of the single phase LiFgPO

radiation (Fig. 1). Distinct peaks of "Lion vibrations in the
LiFePQ, orthorhombic olivine structure were observed (364
1069 crit) as well as sharp peaks of the bonds of Réirahedra
(573, 951, 999 ci.
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Fig. 1. Raman spectra of pure, highly crystallizédeePQ, powder.
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Fig. 2. Raman spectra of LiFel#O powder with 5 wt% carbon content.

In the Raman spectra of synthesized LiFgEOpowder
(Fig. 2) peaks corresponding to those of LiFgRP€ference
spectra can barely be seen in the background ofvéng
intense and broad peeks at 1312'crand 1545 cm
corresponding to amorphous carbon G and D bandsadt
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Fig 3. XRD pattern for LiFeP£C thin films with 5 wt% carbon black content
sputtered on a silicon base.

It is also noteworthy that no p phase was observed in
synthesized samples even after prolonged periotsaifng in
elevated temperatures as it is reported in somdicatibns
[12].

Morphological research of the LiFeR@in film surface by
SEM shows that the thin film formed on a stainlassel
substrate is uniform (Fig. 4). It also stays honmuges after
the annealing at 600°C. However, some LiFgPO
microcrystals and bubble-like areas with lower |BE&p
densities were also observed after the annealing. Wworth
noting, that on silicon substrate the nano-cryisialthin film
LiFePQ, material is trying to condense into larger mono-
crystals thus disarranging the structure of the fitin.

The Quadrant back-scattered electron detection [@)BS
analysis of annealed LiFeRIC thin film also showed that
there is a layer of lighter elements (carbon adeljtformed on
top of the heavier elements of LiFeR®Big. 4), which proves
that carbon is also deposited during the magnetputtering
process.

It was shown by the energy-dispersive X-ray analyiat
the annealed film consists of phosphorous, oxygehi@n in
relation corresponding to a stoichiometric LiFgRIiEhium is
too light to be detected with this method).
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Fig. 6. Cyclic voltammogram of annealed and noneated 60 nm LiFeP{£C
(5 wt%) thin film (scanning rate 10 mV/s).

Chronopotentiometry or charge-discharge curves of
LiFePQ/C (5 wt%) 500 nm annealed thin film at a current
density of 10uA/cm?® are shown in Fig. 7. The obtained
discharge capacity at a cut-off voltage of 3.0 V is
34 5 mAh ¢ which is comparable to results mentioned in
other publications [9]. It was assumed that atter\oltage of
3.0 V the discharge process might be shifting tbeot

Fig. 4. SEM BQSD image of non-annealed (above)amntkaled (below) 50

nm thick LiFePQ thin film on a stainless steel substrate. electrochemical reactions (Fig. 5).

3.9

B. Electrochemical Properties 38

A distinct couple of anodic and cathodic peaksarserved 37

at 3.3 V and 3.6 V respectively for LiFeffO thin films at the > 3¢
scan rate of 1 mV s (Fig. 5) which characterize the £
electrochemical lithium insertion and extractionagions 2
o

from LiFePQ [1]. No other red-ox peaks were observed,
which indicates that the thin films annealed at“@@onsist
of single-phase LiFePO

o] 5 10 15 20 25 30 35

Charge capacity, mAh g-'

10 Fig 7. Charge—discharge curves of 500 nm LiFef® film annealed at
600°C.
5
Electrochemical impedance spectroscopy (EIS)

measurements which were performed for LiFgROthin
films in three-electrode cell LiFeBQM LiClO4-PC/Li with
metallic lithium as a reference and a counter sdelet The
measurements in an open circuit state, chargedlianarged
states and during charging and discharging prosessze
Potential, V carried out. In order to better describe the preeesiappening
at the LiFePQC electrode - electrolyte interface, equivalent
Fig. 5. Cyclic voltammogram of annealed 500 nm EE#C (5 wt%) thin circuits consisting of two resistances, (&d R, constant
film (scanning rate 1 mV/s). phase element (CPE) and Warburg element) (\Were
constructed (Fig 8). This equivalent circuit agreeth other

Weak or no red-ox peaks are observed for the noealed ~Publications [10]. _ _ B
LiFePQ, thin films (shown in Fig. 6), showing that lithium During the charging and discharging processes plified

insertion and extraction from non-annealed LiFgEh films ~ €quivalent circuit without Warburg impedance wasaoted
are faint or almost not present. (Fig. 9) which means that under the polarizationditions the

Li* ion diffusion is not the limiting process.

3.8

Current density, pAlem?
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Fig 8. Equivalent circuit used for fitting experinmal data for LiFeP®at
various constant potentials.
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Fig 9. Equivalent circuit used for fitting experintal data for LiFeP@during
charging and discharging. Fig. 13. Nyquist plot and equivalent circuit data LiFePQ/C 500 nm
thin film with applied charging current (1Q@\).

Fig. 11, 12 and 13 show the Nyquist plots of thin@de at
open circuit potential (OCP), discharged statewitd applied ~ The parameters of the equivalent circuit obtained b
charging current respectively. An intercept at Heaxis in  computer simulations are presented in Table 1.rfmmum
high frequency region represents the ohmic regsistap Value of the charge transfer resistance is acquireca
(resistance of cables, electrodes, electrolyte bif@PQyC discharged state which corresponds to the maximum
thin film). The semicircle in the middle frequencgnge concentration of Liions in lithium iron phosphate. During
indicated the charge transfer resistance) (& the lithium charging, LT ions are extracted from the LiFepO electrode
intercalation reaction. Due to the fact that thenisecle is Which is accompanied with an increase of Rbviously, the
compressed, a constant phase element CPE is ingdduhighest charge transfer resistance should be wheQF
representing the double layer capacitance as wellina Phase is dominating in LiFeR/@ electrode.

inhomogeneities on electrode/electrolyte interf&inally, the TABLE 1
low frequency range represents the Warburg impesiafic NUMERICAL VALUES OF THE ELEMENTS FROM EQUIVALENT CIRCUTS
associated with lithium-ion diffusion in LiFeR@articles. _ _ )
Potential Potential Potential
1,5 E=3.4V E=2.7V E=2.9V-4.1V
B — Experimental data Re, Q 188 190 187
—— — Equivalent circuit data
10 L Rt Q 762 473 2601
a b
= W2-0, Q/s 1080 17012 -
Nos CPE-Q,F |7210 |5910¢ | 11110
CPE-n 0.77 0.82 0.726
0,0 !
0,0 0,5 1,0 1,5 2,0 2,5 |V CONCLUS|ON
Z, kQ The LiFePQ/C powder was synthesized and sputtered on

various materials using DC, RF and DC/RF magnetron
Fig. 11. Nyquist plot and equivalent circuit date £iFePQ/C 500 nm thin Sputtering methods. Compositiona| and morpho|ogica|

film at 3.4 V potential. research of LiFeP©thin films by SEM showed that the thin
60 LiFePQ, films are carbon coated and have coalesced into a
M — Experimental data uniform nano-structured layer after annealing. @ycl
— Equivalent circuit data

voltammograms of LiFeP{displayed explicit red-ox reaction
peaks of 3.3 and 3.6 V. Obtained thin film discleacgpacity
was 34 mAh g. An analysis of electrochemical impedance
spectroscopy was conducted, and the three elemaitadent
circuit gave evidence that under the polarizationditions the
Li* ion diffusion is not the limiting process in théFEPQ
thin film. The minimum value of charge transferiséamnce is
acquired in a discharged state which correspondshéo
maximum concentration of Liions in lithium iron phosphate
| | while the highest charge transfer resistance caadhéeved
o 10 20 30 40 when discharged FeR@hase is dominating in the thin film
Z', kQ electrode.

Fig. 12. Nyquist plot and equivalent circuit data £iFePQ/C 500 nm thin
film at 2.7 V potential.
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Gints Kuginskis, Gunars Bajars, Janis Kleperis, Jinis Smits. LiFePQ/C plano karti nu litija jonu bateriju katodmateri ala kinetiskasipadbas

Litija dzelzs fosfits (LiFePQ) ir daudzsoloss litija jonu bateriju katodmaatsita liela uzlades — izides reizu skaita, augstdro3bas, zemo izmaksu un kb
teorctiskas ladinietilpibas @&]. Pedgja laika tas Kast ipasSi popudrs ka katodmatetils elektriskajiem automolém paredztajos litija jonu akumulatoros.aT
galvenais tikums ir zema elektrovadtspgja, kas n&auj atistit augstu jaudu maza un @je izmera baterigm.

Darka LiFePQ ir sinte£ts no LbCO;, FeGO,-2H,0 un NHH,PO, cietvielu singzes ca. Ir veikta LiFePQ strukiiras anake. Ar idzstaivas, radiofrekvetu un

kombirgto magnetrona izputi$anas metodi iégas LiFePQ planas kartipas (60 nm — 1500 nm biezas),Jalamo &m tiek kristaliztas. Kartinam ir veikta

sastiva, struktiras un morfolgijas anaize. Darla ir izdafti elektrdgmiskie nerjjumi LiFePQ/1 M LiClIO,-PC/Li elektraimiskaa &ina ar Li references
elektrodu: cikliskk voltamperometrija, iZde-uzkde (hronopotenciometrija), elekkimiska impedances spektroskopija (EIS). Ir konatas EIS rezufitus

aprakstoSas ekvivaleist sitmas.

Veikta cikliska voltamperometrija LiFePOplanaam kartipam uzidija stabilu L jonu interkaicijas spriegumu 3,45 V ar dzles un izides reakciju
maksimumiem atbilsto3i pie 3,6 V un 3,3 V. iitg plano kartinu gravimetrisi ietilpiba (idz 34 mAh ¢) ir saidzinama ar literalra mingto. Elektracmiskas

impedances spektroskopijas reatiltiecina, ka dina prneses preteita ir liekka, ja Li" jonu daudzums LiFePQr mazks, &tadladipa f@rneses pretetta

palielinas lidz ar FePQfazesipatsvara palieli#Sanos LiFePQ

I'mure Kyuunckuce, Tynape Basipe, Slunc Knenepuc, SInuc Ilmurte. Kunernueckue xapaxrepuctuku LiIFEPOJ/C TOHKHMX IUIEHOK KaK KaTOXHOIO
MaTepuasa B IHTHIi-HOHHBIX OaTapesix

Jutnii-xenesodocdar (LiIFEPQ) sBisiercss mepCrneKTHBHBIM KAaTOJHBIM MaTEpHAIOM Ul JNTHH-MOHHBIX Oarapeil BBHAY IOCTATOYHO OOJIBIIOrO CpOKa
9KCILTyaTal{H, BBICOKOIO YPOBHsI GE30MIACHOCTH, HU3KOW CTOMMOCTH M XOpOLIeil TeopeTHueckoil eMKocTH 3apsja. B mociennue Bpemst LiFePQ, cranoButcs
0COOCHHO TOIYJISAPHBIM KAaTOJIHBIM MaTEPUANOM B JIMTHI-MOHHBIX aKKyMYJIATOpaX, IPeIyCMOTPEHHBIX M 3IEKTpoMoOmiel. Ero ocHOBHBIM HeIOCTaTKOM
SIBIISICTCS] HU3KAs! DJIEKTPOIPOBOAHOCTE, KOTOPAst IPEIISITCTBYET Pa3BUTHIO BEICOKOW MOIHOCTH GaTaper MabIX M CPEIHMX PAa3MEPOB.

B mammoit pabore LiFePQ, cumtesumpoBan u3 Li,CO; FeGO, ¢ 2H,0 u NH4HPO, meromom TBepmodassoro cumrtesa. [IpoBeleH aHamm3 CTPYKTYpBI
LiFePQ,. Toukue mienku (60 am - 1500 um) LiFEPQ momydeHbl pasHbIMH METOAaMH MAarHUTHOTO PACIbLICHUS, HEKOTOPHIE M3 HHUX JOMOJHHTEIHHO
kpucTtamun3oBanbl. [l ToHkux ieHok LiFePQ mpoenen aHamus coctaBa, CTpyKTyphl H MOP(MOIOTrHH. DICKTPOXHMHYCCKHE W3MEPEHHUS MPOBOAMINCH B
anexTpoxumudeckoil sueiike LiFEPQ/1 M LiClIO4-PC/Li ¢ Li snexkTpogoM cpaBHEHMs:: LMKINYECKas BOJIBTAMIICPOMETPHS, KPHBBIC paspsga-3apsna,
9JIeKTPOXUMHYECKast uMreaancHas crekrpockornust (QVIC). MonenpoBaHbl SKBUBAICHTHBIC CXEMBI, ONUCHBaroLue pesyibratsl JUC.

Hccnenosanns LiFEPQ nukinyeckoi BOJIbTaMIIEPOMETPHH TTOKa3aIi CTaOMIBHBINA MOTCHIMAT HHTEPKaSLMK HOHOB JINTHs B obnacti 3,45B ¢ MakcumMymamn
Toka npu 3,6 B 1 3,3 B 14 3apsaKu / paspsaku COOTBETCTBEHHO. ['paBHUMETpHUECKas eMKOCTh TOHKHX IIEHOK (10 34 MAuY 1Y) cpaBHMMa ¢ JMTEpaTypHBIMU
JaHHBIMHU. Pe3yIIbTaThl 31EKTPOXUMUYECKONH UMITEIAHCHOMN CIEKTPOCKONUU TMOKa3alld, YTO CONPOTUBIEHUE MeEPeHoca 3apsaa Ooblle, ecid KonudectBo Li*
noHoB B LiIFEPQ, MeHbLie, cireoBaTenbHO, CONPOTHBIICHHE TIEPEHOCa 3apsi/ia BO3pacTaer ¢ yBeianyeHueM aoiu ¢assl FePQ B LiFePQ.

57



