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FOREWORD

Batteries are widely used in daily life for the portable electronic devices such as
laptops and cell phones. Nowadays, the interest for high energy density batteries is
increasing rapidly due to electrical vehicle applications. Lithium-ion (Li-ion)
batteries are the most common rechargeable batteries in many industrial productions.
High energy densities and longer cycle life of Li-ion batteries take the attention of
academic researchers and manufacturers. However Li-ion batteries are still under
investigation to improve their properties and efficiency.

Li-ion batteries are mainly made of anode and cathode electrodes which can be
lithium metal or alloys of lithium with other metals. LiFePO, is one of the most
important cathode material for Li-ion battery industry due to its high specific
capacity (170 mAh/g), low toxicity and low cost with stable structure comparing to
other commercial cathode materials (LiCoO,, LiMn,Q4, LiNiO,). Although it has a
low electronic conductivity (10° S/cm), producing powders in nanometer sizes and
covering the particles with carbon additives enhanced better conductivity results. For
this reason, a novel technique is developed to cover with conductive carbon layers
(CCL) on the surface of particles (US 20110151112 A1) by Dr. Marcin Molenda and
coworkers in order to improve the conductivity of powders.

In this work, nanosized LiFePO, powders are produced by anhydrous solution
precipitation technique and microemulsion technique. Precursor powders are
examined in TGA to determine calcination temperature and covered by conductive
carbon layers after calcination as referred by Dr. Molenda. Crystal structure and
phases of powders are examined by XRD measurements and surface properties are
analyzed by N,-BET. Conductivities are obtained by AC (33Hz) 4-probe technique
between (-20) °C and (+40) °C. Also electrochemical performances are measured by
using potentiostat.

This project is done by the collaboration of Jagiellonian University and Istanbul
Technical University laboratories. | would like to gratitude for my supervisor Prof.
Dr. A. Sezai Sarag, also for my co-advisors Dr. Marcin Molenda and Dr. Matgorzata
Zaitz from Jagiellonian University/Poland, for their scientific help and letting me
using their laboratories to finish my thesis. Also | thanks for my friends, Agnieszka
Chojnacka, Monika Bakierska, Hiiseyin Can Coban, Dilek Suadiye, M. Giray
Ers6zoglu, Cem Unsal and Timugin Balkan and other coworkers in the laboratory
helping me to do the experiments. Finally, 1 would like to thank Jagiellonian
University and Istanbul Technical University cooperation and foundation of
ERASMUS for all kind of supports.

January 2014 Yahya TOPRAK
(Materials Engineer)






TABLE OF CONTENTS

Page

FOREWORD ..ottt bbbttt bbbt IX
ABBREVIATIONS ... Xiii
LIST OF TABLES ...ttt XV
LIST OF FIGURES ..o, Xvii
SUMMARY ettt XIX
(0.2 3 AU xxiii
1. INTRODUCTION ..ottt sttt st 1
2. BATTERIES ... 3
2.1 Rechargable Batteries.........ccoviiiiiiiice e 4
2.1.1 Li-10N DAIEIIES ..o veeieeiie sttt st sreenne e enes 7

3. MICROEMULSION ....coiiiiiiiiiiisieie et 27
3.1. Applications of MICrOeMUISIONS.........cccoiriiiiiiieieeee e, 30
4, EXPERIMENTAL PART ..ottt 33
4.1 Producing LIFEPO4 POWENS........ccviviiieecie sttt 33
4.2 Conductive Carbon Layer (CCL) COatiNG .......cccovvveieiieiienienenesiesieseeeeeeeans 34
4.3 Characterization 0f POWAENS .........ccociriiiieiiiinneee e 35
A.3.L TGA e et bbbttt eas 35
4.3.2 XRD ..ottt 35
A.3.3 BET .ottt eas 36
4.3.4 CONAUCTIVILY.....ooiiiiccie et 36
4.3.5 Electrochemical Characterization...........cccocevveeiiereeiesiere e 37

5. RESULTS AND DISCUSSIONS ......ooiiiiiiieieie et 43
5.1 Preparation of Powders by Solution Precipitation ...........cccccoceevvinincniciennen, 43
5.2 Preparation of Powders by MiCroemulSion ............ccoceveereneneneneniseeee, 44
5.3 TGA RESUITS ...ttt 46
5.4 XRD RESUILS ......ecuiiiiieiieie ettt sreenneeneeaneennees 49
5.5 RAMAN SPECLIOSCOPY ...vvvviieeiieniesiiesieeie ettt 52
5.6 SEM RESUIES ....ovvereiecte sttt 54
5.7 BET RESUILS....c.vieeiiciiecieee ettt snaennees 56
5.8 CoNAUCTIVITY RESUILS ..ot 58
5.9 Electrochemical RESUILS ..........cooiiiiiiiiie s 62
5.9.1 Cyclic VoltammOgram ..........cooieiiiiieie et 62
5.9.2 Electrochemical Impedance SPectroSCOPY .......ccocuevverierveneresinesesieeenen 64

6. CONCLUSIONS AND RECOMMENDATIONS.......coooiiiiieiesiseeeeeeie s 69

Xi



REFERENCES...............
APPENDICES. ................

CURRICULUM VITAE

Xii



ABBREVIATIONS

AC
CCL
CVv

EIS

EV
HEV
IUPAC
JCPDS
SEM
USABC

. Alternative Current

: Conductive Carbon Layer

: Cyclic Voltammogram

: Electrochemical Impedance Spectroscopy

: Electrical Vehicles

: Hybrid Electrical Vehicles

. International Union of Pure and Applied Chemistry
: Joint Committee on Powder Diffraction Standarts

: Scanning Electron Microscopy

- United States Advanced Battery Consortium

Xiii



Xiv



LIST OF TABLES

Table 2.1
Table 2.2
Table 2.3
Table 5.1

Table 5.2

Table 5.3

Table 5.4
Table 5.5
Table 5.6
Table 5.7
Table 5.8
Table 5.9

Page
: The advantages and disadvantages of Li-ion batteries..............cccceovenene. 5
: The performance of different rechargeable batteries. ...........ccccceevinenenn 6
: Volume changes and theoretical capacities of lithiated metals.............. 16
: Microemulsion experiments by different weight ratios of
COMPONENTS ... s 45
: CCL amounts of powders as predicted and calculated from
TGA TESUILS. .o 48
: Crystallite sizes of the pure LiFePO4 and CCL/LiFePO4
NANOCOMPOSITES. ...ttt bbbt 51
: Elemental analysis of elements from powders...........ccccccevvveviiieiiennenn, 55
: Surface areas and pore diameters of LiFePO4 samples...........c.ccccvevenee, 57
: Conductivity results of CCL/LiFePO, and CB/LiFePO, samples......... 59
: Activation energies of CB/LiFePO,4 and CCL/LiFePO,4 samples.......... 61
: Redox peak intensities of 10CB/LiFePO, and 15CB/LiFePO,.. ........... 64
: Equivalent circuit fitting datas for EIS plots of LiFEPOg .........cccoeueeee, 67

XV



XVi



LIST OF FIGURES

Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7
Figure 2.8
Figure 2.9

Figure 2.10 :
Figure 2.11 :
Figure 2.12 :

Figure 3.1
Figure 3.2

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9

Figure 5.10 :
Figure 5.11 :
Figure 5.12 :
Figure 5.13 :
Figure 5.14 :
Figure 5.15 :
Figure 5.16 :

Page

: Comparison of batteries in terms of volumetric
and gravimetric energy denSity. .......cccccevveieieeiesie e 5
: A Ragone plot for commercial batteries............ccoeviiniiiiiicicee, 6
: Li-ion secondary battery structure illustration. ............cccccevvviiervenene. 8
- Li-ion secondary battery structure and charge/discharge process......... 9

: The sales statics of rechargeable batteries in Japan 1985 to 2005. .....11
: Potential and capacity of some electrode materials for future

applications of Li-ion Datteries. ..........cocooviiiineienesnce e 13
: The layers and the structure of ABAB graphite. ............ccccocvevveivennenn, 15
: The structure of Li* ions between C atoms during insertion................ 15
: Crystal structure of layered LIC0O;. .......ccccvveveiieiicie e, 18
Crystal structure of spinel LIMNOyg . ...cooveeeieeiiiieiieceee e 20
Crystal structure of oliving LIFEPOy. .....ccocoeiieiiiieiiccecc e, 21
Producing CCL covered nanoparticles............cccoevvnenneneninicenn, 24
: Schematic illustration of and oil-in-water (O/W)
MICIOEMUISION SYSEM......uiiiiiiiiiiie e 28
: Thermodynamically stability of macroemulsions and
MICTOBMUISIONS ...ttt nreas 29
: CCL covering process of LiFePO,4 nanoparticles............cccccvevvvrrnenenn, 34
: An illustration of assemblinga coincell.................coiiiii 37
: CV plot of LiMN,O4 electrode.........coveviiieiiieieciccece e, 38
: An example of circuit and NyquiSt plOt ... 40
: Li-ion transfer and Nquist plots appear in Li-ion batteries. ................ 40
: An instance for the equivalent circuit of AC impedance system ........ 41
: Syhmetically representation of powder production.............cc.ccoeuenne. 43
: TGA and QMS results of precursor LiFePO4 powders. ..........cccoeuee. 47
: TGA and QMS results of 15 CCL/LiFePO,4 powders. ...........ccccueeneee. 48
: XRD results of the LiFePO, powders synthesized in different
TEIMPEIATUIES. ..vei ittt e e 49
: XRD result of LIFEPO4 POWAEIS. .....ccuveieiieiireiesiesieeie e 50
: Crystal structure and phases of CCL/LiFePO4 nanocomposites. ....... 51
: Raman spectra of LIFEPO4 POWETS.........cccoveviiiiiieieieeseeeeeens 52
: SEM image of LiFePO4 powders (15K X).....ccccovvvvevveveiieiecic e, 54
: SEM image of LiFePO4 powders (100K X)......cccooerereneninininieienns 54
EDAX analysis of LIFEPO4 POWENS.. ......ccovveiiieieiiecee e 55
BET graph of precursor LiFePO, powders after calcination............... 56
BET graph of 15 CCL/ LiFePO, powders after pyrolysis................... 57
Conductivity plots of CCL/LiIFePO4 pOWdEerS.........ccevveveeiveririinnnnn, 58
Conductivity plots of CB/LiFePO4 powders.. .......cccccoovevieiiveiiecnnnn, 59
Conductivity plots (In 6-1000/T) of CB/LiFePO, samples................. 60
Conductivity plots (In 6-1000/T) of CCL/LiFePO4 samples. ............. 61

Xvii



Figure 5.17 :

Figure 5.18

Figure 5.19 :
Figure 5.20 :
Figure 5.21 :
Figure A.1 :

Figure A.2
Figure A.3

Figure B.1 :
Figure B.2 :
Figure B.3 :

CV polts of CB/LiFePO, (% wt. 15:75) powders (vs Li*/Li).............. 62

: CV polts of CB/LiFePO,4 (% wt. 10:80) powders (vs Li*/Li).............. 63
EIS analysis of CB/LiFePO4powders (15:75).....ccccceveiveveiiieinenenne 65
EIS analysis of CB/LiFePO4powders (10:80).......ccccevervrrieiieniennenne. 66
The equivalent circuit model of Randles............cccovveiiiiniiiiciiee, 66
TGA and QMS results of 5 CCL/LiFePO4 powders. ........c.ccoovvvenenne. 89

: TGA and QMS results of 10 CCL/LiFePO4 powders. ..........cccccveuvenee. 90

: TGA and QMS results of 20 CCL/LiFePO4 powders. ...........cccoveuenee. 91
BET graph of 5 CCL/ LiFePO,4 powders after pyrolysis.. ................... 92
BET graph of 10 CCL/ LiFePO,4 powders after pyrolysis. .................. 92
BET graph of 20 CCL/ LiFePO,4 powders after pyrolysis. .................. 93

Xviii



PROPERTIES AND CHARACTERIZATION OF LiFePO, NANO POWDERS
PRODUCED IN NONAQUEOUS SOLUTION

SUMMARY

Rechargable batteries have a very important part in our lives since the development
of electrical vehicles which are used in daily life such as cell phones and laptops. Li-
ion rechargeable batteries are suppressed the other type of batteries due to their high
energy densities and longer cycle life. Li-ion batteries are now the most widely used
rechargeable batteries in energy industries having the biggest market share. For this
reason industrial companies and academic researches try to improve the properties
and efficiency of Li-ion batteries. More suitable materials having higher capacity,
high energy densities, low cost, stable and environmental friendly are still under
investigation for the usage of next generation electrical devices as hybride electrical
vehicles and other energy applications.

Li-ion batteries are made from four main components since they are developed for
the first time, which are anode and cathode electrodes, electrolyte and separator.
Cathode materials are mostly made from lithium metal or lithium alloys with other
metal compounds. Because of the safety problems with lithium metal, researchers
tried to develop alternative electrode materials for cathode materials. Although the
cathodes made from alloys of lithium and other metals show better safety, they have
low capacity and very expensive to produce commercially. In order to improve the
capacity and stability of Li-ion batteries, there have been many approaches to
produce better cathode materials.

In 1997, Lithium Iron Phosphate (LiFePO,) was first developed by Goodenough and
friends as an alternative cathode material having low cost and nontoxicity, stable
structure. It took great interest by industrial companies due to its advantages
comparing to other conventional cathode materials (LiCoO,, LiMn,Q4, and LiNiO2).
This material has 3.4 V working voltage and high specific capacity (170 mAh/g)
however has very low electronic conductivity (10 S/cm) related to highly oxidized
structure. Researchers published many publications and reports for improving the
conductivity of LiFePO4 by lowering the particles sizes in nanometer range and
carbon coating on particles.

Although many experimental results showed that carbon coating improved the
conductivity of LiFePO,4, some carbon coatings dissolved in electrolyte and caused
formation of solid electrolyte interphase (SEI) which is an insulator layer. After few
cycles in battery, this layer eventually affects the rate and power capability, life time,
performance and safety of batteries. For this purpose, a unique conductive carbon
layer covering on nanoparticles is established by Marcin Molenda and coworkers by
a patent (US20110151112 A1l). In this process, produced powders are impregnated to
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the polymer solutions of pyromellitic acid (PMA) and poly-N-vinylformamide
(PNVF) and pyrolyzed to achieve carbon layers covers on nano particles.

In order to obtain homogenous LiFePO, powders without impurities, it is necessary
to produce the powders in anhydrous solutions to avoid formation of Fe,O3. These
impurities can be caused by the degradation of Fe (Il) ions to Fe (I11) due to high
reactivity with oxygen. For this purpose, microemulsion is a useful technique to
achieve uniform nanosized particles with high purity. In this technique, there is no
need to use expensive or complicated devices. Precursor powders are dissolved in
water and oil phase by the help of surfactant/cosurfactant materials. Particle sizes are
easily controlled by the amount and ratios of materials. The calcination temperature
and time also affect the sizes of the particles.

In this research, LiFePO, nanosized powders are produced by a novel anhydrous
solution precipitation technique and also by microemulsion technique. From the
experimental results, it is observed that producing pure nano powders with
microemulsion technique is challenging and needs more research to understand and
control the parameters during synthesis. For this reason powders are produced only
by solution precipitation technique. Once the precursor nano powders are achieved,
they are characterized by the thermo gravimetric analysis (TGA) in order to
determine the calcination temperature. After the calcination of the powders under
inert gas (Ar, Ny) atmosphere, powders are characterized in X-ray diffraction
analysis (XRD) for structure and impurities. Homogenous and pure LiFePO,
nanopowders are produced referred as standard JCPDS-83-2092 patterns within the
range of 30-40 nm having well crystal olivine structure. Powders are covered in
different ratios of (% 5-20) conductive carbon layers (CCL) as referred to Marcin et.
al. Surface properties and porosity of powders are measured by Brunauer-Emmett-
Teller technique under nitrogenous atmosphere (N,-BET). Surface areas and pore
sizes are calculated by Barret-Joyner—Halenda (BJH) model. Samples show IV type
isotherms with H3 hysteresis loops which are referred to porous surfaces of plate
shape particles. Specific surface area of samples are around 20-25 m%g and average
pore sizes are between 5-20 nm that is mesoporous surface mentioned by IUPAC.
Conductivities of the covered nanoparticles are measured between (-20) °C and
(+40) °C with AC (33Hz) 4-probe technique. The conductivities of CCL/LiFePQO,
nanopowders (107 to 10 S/cm) are achieved much higher than bare LiFePO, (107
S/cm) and increased by CCL ratio.

Morphological and surface properties of LiFePO, powders are observed by SEM. It
can be seen that as prepared particles are almost similar sized around 50-100 nm
individually, however after calcination particles are agglomerated to each other and
resulted irregular shaped larger particles. However, size differences causes to porous
network surface resulting high surface area.

From Raman spectroscopy analysis, the small band at 950 cm™ is related to
symmetric PO, stretch vibration in the olivine LiFePO,. The broad line in 1350 cm™
is obtained from the structure of disordered modes of graphite which is called D
(disordered) line, the broad line in 1585 cm™ corresponds from optically allowed Ex
zone center mode of crystalline graphite which is called G (graphite) line of carbon.
The results are also combined with EDAX analysis that our powders contain wt. %
9.42 C element which is attributed to residual carbon from the decomposition of
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acetates. As a consequent, powders will be used as the form with C residuals and
expected to have higher conductive and better cycle properties.

The electrochemical tests of LiFePO, are measured using CR 2032 coin cells
assembled in a glove box under argon atmosphere. For this reason, LiFePO,4 powders
are used as active material and mixed with acetylene black to improve conductivity
and polyvinylidene fluoride (PVDF) as binder in different ratios (% wt 80:10:10 and
75:15:10).

To investigate potential dependent interface processes, double layer capacitances and
charge transfer reactions, the assembled batteries are cycled galvanostatically using a
potentiostat (Parstat) between a potential range of 2.5 V and 4.5 V (vs. Li/Li") for
cyclic voltammogram analysis at a scan rate of 1 mV/s and 5 mV/s. Within these
tests, it is observed the rate capability and cycle performances of the cells. The
intensity and shape of the peaks in CV measurements change by the type and amount
of the carbon additives. Carbon coated LiFePO, cathode electrodes show higher
peaks than bare LiFePO4 powders.

To understand the effect of different carbon additive intensively, electrochemical
impedance spectroscopy (EIS) measurements are carried out with CR-2032 coin cells
using potentiostat (Parstat 2263). During the analysis, AC voltage is applied to cells
of frequency ranges between 10 mHz and 100 kHz at a scan rate of 5 mV at room
temperature. When compared the plots of samples for the cells assembled with %wt.
10 and 15 carbon black (CB) additives, it is observed that the semicircle of 15 CB/
LiFePO, is smaller than the one for 10 CB/ LiFePO,. That shows the decrease of
charge transfer resistance with increase of additive CB amount due to increased
conductivity. These improved results are attributed the small particle sizes and high
surface area of our LiFePO, powders, which also enhances the short diffusion path
way for Li* ion diffusion. As a conclusion, small particle sized powders exhibit
reduced resistances during the cycling and they are expected to achieve higher
capacity, fast charge/discharge capability rates and better electrochemical properties.
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SUSUZ ORTAMDA LiFePO, NANO TOZ URETIiMi VE
KARAKTERIZASYONU

OZET

Piller, ilk icat edildikleri andan itibaren hayatimizda énemli bir yere sahip olmus ve
bu 6nem son yillarda biiyiik bir hizla artarak devam etmistir. Ozellikle cep telefonu,
diziistii bilgisayarlar ve birgok diger elektrikli esyanin giinliikk hayatta kullanimi ile
birlikte pillerin teknoloji lizerindeki etkisi giderek dikkat ¢ekmis ve arastirmacilari
bu konuda ¢aligmaya tesvik etmistir. Piyasada bir¢ok ¢esit pil bulunmasina ragmen,
sarj edilebilir piller arasinda lityum-iyon (Li-ion) piller agirlik basina yiiksek enerji
yogunlugu ve kapasiteye sahip olmasi, daha uzun omiirlii olmasi ve diger pillere
kiyasla daha karali yapisit sayesinde en ¢ok tercih edilen pil olmay1 basarmistir. Sarjli
elektronik cihazlarin artisi ile dogru orantili olarak li-iyon pillerin de {iretimi artis ve
biiyiik bir pazar payina sahip olmustur.

Son yillarda yiiksek enerji gerektiren elektrikli cihazlar ve hibrit elektrikli otomobil
liretiminin artmasi, mevcut lityum iyon pillerin sahip olmasi gereken kapasitenin
artmasi, daha giivenli ve uzun Omiirlii olmasi, ucuz ve doga dostu olmasi, hizl
sarj/desarj olabilmesini gerektirmistir. Bunun i¢in hem akademik olarak
aragtirmacilar hem de pil {iretici firmalar yeni iiretim yontemleri ve fakli malzemeler
ile Li-iyon pilleri gelistirmeye ¢alismaktadirlar.

Li-iyon piller temel olarak dort bilesenden olugmaktadirlar. Bunlardan en onemli
olanlar1 anot ve katot elektrotlar1, diger ikisi ise elektrolit ve ayiricidir (separator).
Anot malzemesi, pil icerisisinde negatif elektrot olarak goérev yaparken desarj
sirasinda kimyasal reaksiyonlar sonucu oksitlenerek lityum iyonlarini yapiya verir ve
elektrolit yardimi1 ile bu iyonlar katot malzemesine tasinir. Bu sirada anot
malzemesinden ayrilan elektronlar katot (pozitif elektrot) malzemesine ulasarak
elektrokimyasal indirgenme reaksiyonuna neden olur. Anot ve katot malzemesi
arasindaki Li* iyonlarinin alis verisi, sallanan sandalye (rocking chair) hareketi
olarak ifade edilebilir. Burada elektrolit, anot ve katot arasindaki iyon iletimini
saglayan iletken bir sivi-tuz ¢ozeltisi (EC-DMC-LIiPFg), seperator ise elektrotlarin
direkt olarak temas1 sonucu kisa devre olmasini engelleyen, ancak iyon transferine
engel olmayacak sekilde gézenekli polimerik folyolardir.

[k iiretilen Li-iyon pillerde anot ve katot malzemesi olarak lityum metali kullanilmis
olsa da giivenlik problemleri nedeniyle diger metaller ve/veya bunlarin lityum metali
ile alasimlar1 sonucu alternatif elektot iiretilmeye calisilmistir. Bunlardan ilk olarak
karbon ve grafit igerikli anot malzemeleri kullanilmaya baglanmis, daha sonra Al,
Ge, Sn, Si, Bi, Sb metalleri ile kompozit anotlarin gelistirilmesi devam etmistir.
Katot malzemesi ise, lityum iyonlarimi tedarik eden, lityumun bir bagka metal ile
alasimlamasi sonrasi olusan malzemelerdir.
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Ik katot malzemesi LiCoO; olarak kullanilmis, daha sonra diger metaller (Mn, Ni,
Fe) ile alasimlanarak gelismesi devam etmistir. Giiniimiiz piyasasinda halen daha en
cok kullanilan katot malzemesi LiCoO, olmasina ragmen, arastirmacilar daha iyi ve
giivenli ¢evrim Ozelliklerine sahip, ucuz, yliksek enerji ve kapasiteye sahip katot
malzemesi iiretimi {izerine calismalara devam etmektedir. lyi bir katot malzemesi,
iletkenligi yiiksek olmali, yiiksek oranda Li" iyonlarmin giris/cikisina ev sahipligi
yapabilmeli, kolayca oksidasyon/indirgenme reaksiyonlar1 yapabilmeli, g¢evrim
sirasinda elektrolit ile reaksiyona girmemeli ve ¢evrim sirasinda yapisinda degisiklik
olmamalidir.

Yeni nesil alternatif katot malzemeleri arasinda, 1997 yilinda Goodenough ve
arkadasglar tarafindan gelistirilen Lityum Demir Fosfat (LiFePO4) malzemesi, sahip
oldugu yiiksek kapasite, giivenli, ucuz ve doga dostu olmasi gibi bir¢ok avantaji
sayesinde hem ticari {reticilerin hem de akademik arastirmacilarin biiylik ilgisini
toplamistir. Kristal yapisi olivin tipinde, ortorombik simetriye ile kararli bir yapiya
sahip olan LiFePO4 malzemesi, 3.4 V ¢alisma voltaji ve 170 mAs/g kapasitesini uzun
cevrimler boyunca koruyabilmektedir. Ancak, yapisinda bulunan oksijen atomlari
nedeniyle elektronik iletkenligi olduk¢a diisik (10° S/cm) seviyelerdedir. Buna
ragmen, daha onceden yapilan arastirmalar sonucu, malzemenin partikiil boyutunu
disiirmek (nanometre), yapiya karbon ilavesi ve partikiilleri karbon kaplamanin
iletkenigi artirdig1 kanitlanmistir.

Katot malzemelerinin iletkiniliginin artirilmasi i¢in daha dnce yapilan aragtirmalarin
bircogunda yapiya karbon veya grafit ilave edildigi goriilmiis, ancak bunlarin
elektrolit igerisinde ¢Ozlinerek malzeme ile elektrolit arasinda yalitkan bir tabaka
olusturarak iyonlarin iletimini engelleyerek ilerleyen ¢evrimlerde pilin Omriini
kisalttig1 gozlenmistir. Ayrica, nano boyutta kompozit malzeme iiretimi sirasinda
partikiil yiizeylerinin kimyasal olarak ¢ok aktif olmasi nedeniyle problemler
gozlenmistir. Bu nedenle, Dr. Marcin Molenda ve arkadaslarinin gelistirdigi patentli
(US 20110151112 A1) 6zgiin bir teknik sayesinde nano boyutlu partikiil liretimi ve
karbon kaplanmas1 gerceklestirilmistir. Bu teknikte, liretilen nano partikiiller, poli-N-
vinil formamit (PNVF) ile modifiye edilen piromellitik asitin (PMA) saf su igerisinde
belirli oranda ¢oziindiiriilmesi ile olusan ¢ozeltiye daldirilmas: ile elde edilir.
Pargagiklarin yiizeyinde bulunan polimerik ¢6zelti daha sonra kurutulup, kontrollii
piroliz islemi yiiksek sicaklikta yakilarak istenilen iletken karbon kaplamalarin
olusmasi saglanir.

Nano boyutta partikiil iiretimi i¢in son yillarda gelistirilmis olan mikroemtilsiyon,
diger tekniklere kiyasla pahali diizenek ve cihazlar gerektirmeyen, homojen ve ayni
boyutlara sahip nano malzeme tiretimi i¢in oldukga kullanigl ve basit bir yontemdir.
Ayrica, deney parametreleri degistilerek partikiil boyutlar1 istege gore kolayca
ayarlanabilmektedir. Bu yontem, ilk olarak gelistirilmesinden bu yana bir¢ok organik
ve inorganik polimerik, metalik ve magnetik nanopartikiil iretimi igin
kullanilmaktadir. Diger bir iiretim yontemi de ¢ozelti ¢oktiirmesi ile malzeme
tiretimidir. Bu yontem ile partikiiller uygun ¢ozelti icerisinde dagitildiktan sonra
santrifiij yontemi ile ¢oktiiriiliip kurutulduktan sonra nano boyutlu malzeme {iretimi
gerceklestirilir.

Ancak, LiFePOy iiretimisi sirasinda baslangi¢ malzemeleri olarak Fe tozlar1 oksijen
ve neme kars1 yiiksek bir kimyasal reaksiyon potansiyeline sahip olmasindan dolay,
su igeren c¢ozeltileri sonucu Fe (II) iyonlar1 oksijen ile indirgenerek Fe (1)
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dontistirerek Fe,O3 impiiritelerini meydana ¢ikarak katot malzemesinin performansini
olumsuz yonde etkilemektedir. Bu nedenle, hazirlanan ¢ozeltiler miimkiin oldugunca
nemden ve sudan uzak, kontrollii ortam atmosferinde (Ar, Ny) hazirlanmalidir.

Bu c¢aligmada, nanoboyutlu homojen LiFePO4 partikiilleri iiretimi i¢in, su igermeyen
¢oOzeltilerin ¢oktlirmesi yontemi ve mikroemiilsiyon yontemi kullanilarak elde edilen
tozlar termogravimetrik analiz (TGA) yontemi ile bozunma sicaklik ve siireleri
belirlenerek tiip firinda kontrollii atmosfer altinda (Ar, N;) kalsinasyonu
gerceklestilmistir. Elde edilen bu tozlar, kristal yapis1 ve fazlar incelenmek iizere X-
ray diffraksiyonu (XRD) analizine tabi tutulmustur. Buna gére, homojen partikiil
boyutlarina sahip ve impiirite igermeyen, saf LiFePO, tozlarmin 30-40 nm
boyutlarinda olivine kristal yapisina sahip oldugu ve elde edilen piklerin standart
JCPDS-83-2092 ile ortiistiigli belirlenmistir. Daha sonra bu tozlar daha 6nce
belirtilen patentli yontemde oldugu gibi polimerik ¢ozeltilere daldirilarak fakl
oranlarda (% 5-20) iletken karbon katmanlari ile kaplanmigtir. Kaplama sonrasi
tozlar istenilen karbonlarin eldesi i¢in 6nce hava ortaminda etiivde kurutularak daha
sonra tiip firinda kontrollii ortamda (Ar, Ny) piroliz edilmislerdir.

Tozlarin ylizey ozellikleri ve belirlenmek iizere, azot (N2) gazi altinda Brunauer-
Emmett-Teller (No-BET) yontemi ile dl¢timler gergeklestirilmis ve gbzenek boyutlari
Barret-Joyner—Halenda (BJH) modeline gore hesaplanmistir. Buna gore, elde edilen
tozlarin IV tipli egrileri ve H3 histerisis dongiilerine, dolayisiyla katmanli yapida
gbzenekli bir yiizeye sahip oldugu gozlenmistir. Nano boyuttaki kompozit tozlarin
ozgiil yiizey alanlarmm 20-25 m%g ve ortalama gozenek boyutlarinin 5-20
nanometre araliginda oldugu, bu verilere gore, daha Onceki yapilan calismalar
sonucu IUPAC’in belirttigi lizere, malzemenin meso-gozenekli bir yiizeye sahip
oldugu belirlenmistir. Uretilen iletken karbon kapli LiFePO,4 nano tozlarin elektriksel
iletkenlik olciimleri AC (33Hz) 4-u¢ teknigi ile (-20) °C ve (+40) °C arasinda
Olciilmiistiir. Karbon tabakasi kapli tozlarin saf LiFePO,4 (10'9 S/cm) tozlarina kiyasla
cok daha yiiksek iletkenlik degerlerine (107 ile 10® S/cm) sahip oldugu ve bu
degerlerin artan karbon kaplama orani ile dogru orantili olarak arttig1 gézlenmistir.

Tozlarmm yiizey morfolojisi ve goriintiileri taramali elektron miktoskopu (SEM) ile
incelenmigtir. Partikiillerin boyutlar1 birbirinden bagimsiz olarak 50-100 nm
civarinda oldugu gozlenmis, ancak 1si1l islem sirasinda birbirine tutunarak
topaklandigi ve daha biiylik boyutlu partikiiller olusturdugu goriilmiistiir. Buna
ragmen farkli boyuttaki parcaciklar gozenekli ve biliylik alana sahip yiizey elde
edilmesini saglamistir.

Raman spektroskopisi incelemelerine gére 950 cm™ civarinda goriilen pik, LiFePOy
malzemesinin igerisindeki PO4 baglarinin titresmesine bagli oldugu, 1350 cm-1 ve
1585 cm-1 civarinda goriilen pikler ise sirasiyla diizensiz yapidaki (D) ve
kristallesmis karbonun grafit formu (G) olarak goriilmiistiir. Ayrica, EDAX sonuglari
ile de yapida % 9.42 oraninda karbon elementi goriilmistiir. Bu karbonlar, 1s1l islem
sirasinda asetatlarin bozunmasi ile yapiya dahil oldugu diisiiniilmektedir, lakin grafit
formda olan karbonlarin yapiya art1 iletkenlik katacag: diistiniilmektedir.

Elde edilen LiFePO, tozlar1 farkli oranlarda (%wt. 10-15) siyah karbon (CB) ve
baglayict ile karigtirilarak ince film halinde aliiminyum folyolar iizerine kaplanmis
ve elektrot olarak iiretilmislerdir. Daha sonra bu elektrotlar argon (AR) atmosferi
altinda diigme pil halinde CR 2032 olarak tiretilmistir.
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Malzemelerin potensiyel degisime karsilik gosterdigi tepkimeleri, kapasite ve yiiklii
iyon tagmimi reaksiyonlarmi incelemek iizere piller 2.5 V ve 4.5 V (vs. Li/Li")
arasinda 1 mV/s ve 5 mV/s hizlarinda ¢evrime tabi tutulmustur. Bu cevrimler
sirasinda  pillerin  ¢evrim performanslar1 incelenmistir. Elde edilen grafiler
incelendiginde, piklerin siddeti ve sekli direkt olarak karbon miktar1 ile orantili
oldugu ve karbon miktar arttik¢a pik siddetinin arttig1 gozlenmistir.

Karbon etkisi daha detayli incelenmek tizere pillerin elektrokimyasal analizleri AC
voltaj uygulanarak 10 mHz ile 100 kHz frekans arasinda 5 mV tarama hizi ile oda
sicakliginda gergeklestirilmistir. Grafikler incelendiginde, daha iyi iletkenlik 6zelligi
sergileyen 15 CB/ LiFePO4 malzemesinin, yiikli iyonlarin taginmasi sirasinda daha
kiiciik direng gosterdigi gozlenmistir. Ayrica, elde edilen tozlar, literatiirde daha
onceden iretilmis LiFePO, tozlarina kiyasla daha iyi empedans oOzellikleri
gostermistir.  Bu  elektriksel ozelliklerdeki gelismelerin, nano boyutlardaki
partikiillerin getirmis oldugu yiiksek yiizey alan1 ve bu sayede Li* iyonlarmimn
diflizyon mesafesinin kisalmasi ile gergeklestigi gozlenmistir. Sonug olarak, elde
edilen LiFePOy tozlarmin daha yiiksek kapasite, hizli sarj/desarj edilebilme ve daha
iyi elektrokimyasal sonuglar gostermesi beklenmektedir.

XXVi



1. INTRODUCTION

Batteries have been widely used in our daily life since the last 50 years. They have
been developed so fast due to improving interest of electrical devices such as mobile
phones, laptops and electrical vehicles [1]. Although there are plenty of different
kind of batteries in industrial applications, lithium-ion (Li-ion) batteries are
dominated the others, due to its high power and energy density in terms of
volumetric and gravimetric, longer cycle life and stability. Because of the increment
of production electronic devices, nowadays Li-ion batteries have the biggest market
share in energy industry [2-4].

There have been many researches to develop new types of batteries. The structure of
batteries is still the same as they developed for the first time as cathode and anode
electrodes within electrolyte between. Improvements of cathode and anode materials
are still under research in order to achieve better stability and efficiency [1].

Lithium metal was used for both anode and cathode material since it was first
invented. There have been such problems with the usage of lithium metal in batteries.
The corrosion of lithium metal surface by the interaction with electrolyte causes
dentrite formation and results in short-circuit of cell. So that, thermally expansion of
lithium metal outcomes to an explosion and fire. Also, lithium metal is very reactive
with oxygen, humidity. It needed to be handle and stored in contolled atmosphere
such as glove boxes and clean rooms. So, many precuations should be taken for the
usage, storage and transportation of lithium metal [4].

In order to solve these safety problems, lithium metal is altered by another metal
such as carbon, tin, silisium etc. Lithium, as always being an active ion source, other
metals are used as a counter electrode [4]. Also calling the battery as a combination
of both anode and cathode electrodes integrated with electrolyte and assembled under
a controlled atmosphere. The interaction mechanism of the lithium-ion battery is the
mobility of Li* ions through anode and cathode materials during charge and

discharge treatment.






2. BATTERIES

A battery is an electrochemical device that can store and convert the chemical energy

into electrical energy by reversible oxidation-reduction reactions [5, 6].

The first approach of the battery was in 1800, by an Italian physicist, Alessandro
Volta demonstrated and quantified his invention as voltaic pile. He proved the
relationship between chemical reactions and electricity with two metals; zinc and
silver. He used a cardboard as a separator having porous structure and a solution of
salt water that resulted a controlled steady current flowing externally between the
two electrodes [7, 8]. Since Volta’s invention of battery, it has become an irrevocable
part of electronic devices such as cell phones, laptops, and hybrid electric vehicles

[9].

A cell (battery) is the combination of four major components that can provide the
chemical energy and conversion to electrical energy; anode, cathode, and electrolyte,
separator. Anode (negative) electrode, gives electrons to external circuit and oxidized
[6], and cathode (positive) electrode, accepts electrons from the external circuit and
being reduced during the electrochemical reaction [10, 11]. The cathode should be an
efficiently oxidizing material, also having stability in contact with electrolyte and
work in a high voltage range. Electrolyte is the ionic conductor and become the
medium for the transfer of charge ions, between the anode and cathode. The
electrolyte is generally a liquid, prepared by water or other solvents, within dissolved
salts, acids, or alkalies to provide ionic conductivity [12]. Some batteries use such
solid electrolytes, which are ionic conductors at the range of operating cell
temperature. In order to prevent internal short circuit, electrolyte must have ionic
conductivity but not electronically. Hence, the anode and cathode electrodes must be
electronically isolated while surrounded by the electrolyte. So, an insulating material
is used to separate electrodes. The seperator should be permeable for the electrolyte
in order to achieve ionic conductivity and permit the migration of



charged ions to electrolyte [13]. Therefore, a porous and insulative material such as
polymeric is used as a separator in the cells [14].

There are two types of cells that can be categorized into primary and secondary,
depending on their ability and capability of being electrically re-charged [15].
Primary cells are not capable of being electrically rechargable. These cells involve
only an irreversible reaction. So they can only be used for a discharge and discarded
to the environment that causes hazards and depletion of natural sources. But as a
consumer, these batteries are convenient, inexpensive, lightweight [5]. On the other
hand, secondary cells are renewable and the chemical reaction is reversible [16].
These kinds of cells can provide economically and environmentally impact with the
increasing demand on small portable devices. There are still some researches of
having power sources with high gravimetric and volumetric energy densities that can
operate wide temperature ranges and with good electrochemical stability. Therefore,
secondary battery development and industrial applications will continue to grow in

near future for the next generation electrical devices.

2.1 Rechargable Batteries

Since the first invention of secondary batteries, there have been many attempts to
achieve better enery densities. For the most common used rechargeable batteries’
gravimetric energy densities (Wh/kg) and volumetric energy densities (Wh/l) are
shown in Figure 2.1 [17, 18]. From this plot, it can be clearly observed that the high
power and energy density properties of lithium metal make it preferable to traditional
battery systems. Low specific energy density and low working voltage range of
conventional batteries such as lead-acid and Ni-Cd batteries become a problem

applicable as power sources and consumer electronics.

Although the lithium metal battery is excellent in terms of both gravimetric and
volumetric energy density, it is extreme unstable [19]. However, Li-ion and lithium
polymer (PLi-ion) batteries show comparable energy and power densities to lithium

metal with exceptional stability [20].

Li-ion batteries are the lightest in weight and smallest size in comparison for the
same energy provided by different kinds of battery systems [17]. As a result, the Li-
ion and nickel metal hydride (Ni-MH) batteries are become as advanced power



sources. They slowly substitute several conventional battery systems such as the lead
acid and nickel cadmium (Ni-Cd) [18]. However, Ni-MH batteries has a close
volumetric energy density to Li-ion batteries, as shown in Figure 2.1, discharge
voltage of Ni-MH is only 1.2 V is just one third of the Li-ion batteries 3.7 V, and the
gravimetric energy density of Li-ion batteries are superior to Ni-MH batteries [21,
19].
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Figure 2.1: Comparison of different batteries in terms of volumetric and gravimetric
energy density [17].

Li-ion batteries have several advantages more than common secondary batteries such
as Nickel cadmium (Ni-Cd) and Nickel metal hydride (Ni-MH), not only higher
energy density but also having no memory effects and environmental friendly
structure [22, 23]. The most important advantages and disadvantages of Li-ion
batteries are listed in Table 2.1.

Table 2.1: The advantages and disadvantages of Li-ion batteries [24].

Advantages Disadvantages
High Energy/Power Density High cost
Good cycle life Ustable at high temperature
Coulombic efficiency Unstable at overcharging
Low self-discharge rate High internal resistance
No memory effect Safety




For the amount of large batteries, high voltage is an advantage in order to reduce the

number of cells needed to achieve the desired voltage for the electrical vehicle

applications [25]. The commercial Li-ion batteries present a specific power and

energy density at almost 200 W/l and 150 Wh/kg respectively. A Ragone plot

(Figure 2.2) shows the performance of the Li-ion battery cells in comparison to other
traditional batteries [26].
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Figure 2.2: A ragone plot for commercial batteries [26].

Li-ion batteries have the best properties of environmental safety, high energy density,

high power density, good cyclic stability and high cell voltage among the other

rechargeable batteries [18]. The electrochemical performance parameters of Li-ion

batteries are compared with other battery technologies in Table 2.2.

Table 2.2: The performance of rechargeable batteries [27].

Energy Density | Power Density | Self Discharge Cycle Cell Voltage
(Wh/kg) (W/kg) (per month %) Durability V)
Li-ion 100-160 250-340 5-10 1200 3.6
Lead-acid 30-40 60-75 3-20 500-800 2.1
NiCD 40-60 150 10 2000 1.2
NiMH 30-80 250-1000 30 500-1000 1.2




2.1.1 Li-ion batteries

Lithium metal has been the most suitable and capable material for using as anode in
secondary rechargeable batteries for the past few decades. Li-ion batteries have been
attractive due to its low electronegativity of potential (-3.045 V), a very high specific
capacity of 3860 mAh/g [28] that allows it to become a very light weight and
superior power source among the other traditional batteries. Li-ion batteries can
provide low self-discharge, good cyclability and high energy densities [24].

After the first usage of lithium metal as a negative electrode in commercial products
for rechargeable batteries, resulted in safety and poor cycling performance problems.
While charging/discharging process, lithium metal dissolved in electrolyte and
dentrite formations occured [23] with a short circuit in the cell. Because of the fact
that, cell become overheating and poor cycle performance. It has been also claimed
that overcharging of these cells caused thermally unstable and a possible explosion,
therefore serious injuries. Moreover, lithium metal is highly reactive with moisture,
oxygen and nitrogen, needed to be handle with care and stored such glove boxes or
clean rooms for production processes. Hence, researchers tried to solve these

problems in the concept of Li-ion batteries [14].

After Sony Corp. (Japan) developed Li-ion secondary batteries in 1990, the usage of
lithium metal as an anode material in rechargable batteries was given up. These cells
are safer than lithium metal batteries and exhibit a better cycle life [24] which are
made by a graphite carbon as anode electrode and a transitional metal oxide such as
LiCoO, as cathode electrode. So Li* ions can be intercalate/deintercalate reversibly
into the electrode material’s crystalline structure resulting lithiated graphite
compounds. This anode material has a great potential close to lithium metal and has a
theoretical specific capacity of 372 mAh/g [22], also exhibits good cycling behaviour
without dendrite formation during charge/discharge process [29].

A typical secondary rechargable Li-ion battery is illustrated in Figure 2.3. In the most
common structure includes carbon graphite as a negative anode and a lithiated cobalt
oxide (LixCoO,) compound as a cathode material into which Li* ions
inserted/extracted reversibly. Both structures of anode and cathode materials are just
like the layered in order to provide a place for Li* ions. Inside the cell, organic
solvent (EC) and lithium salt (LiClO,) dissolved for electrolyte bath and a porous

insulative separator put between electrodes [30, 31]. Organic electrolytes are superior
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to aqueous electrolytes that provide a wider electrolyte window (Eg), which can
obtain high cell voltages. In the liquid electrolytes, water tends to sustained

reduction/oxidation reactions at high voltages [32].
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Figure 2.3: Li-ion battery structure illustration [33].

The movement of Li* ions insertion/extraction between anode and cathode material
is called “intercalation” and “de-intercalation”. If there is a space for other small ions
such as Li* in the layered crystal structured electrode material, these kinds of
reactions occur easily. Sometimes, solid solution reactions are resulted if there is a
change in the chemical composition of material because of these reactions.
Generally, these reactions are topotactic which means Li* ions move inside the
electrode and stay inside the intersitial sites of the materials structure lattices [24].
These reactions occur around room temperature and with the help of large surface
area to volume ratio. Nanomaterials such as nanopowders and nanowires can permit
a short transportation path for Li* ions, so intercalation/de-intercalation process can
be achieved more efficiently and faster [34]. Besides, a small volumetric change
while insertion/extraction process occurs and make the structure of electodes more
stable [35].

It is already been claimed in previous sections that in lithium-ion batteries the anode
electrode is reactive with the electrolyte solutions and results in formation of
dentrites and surface films. While charging/discharging process, because of the
intercalation/deintercalation process of Li*, these films compose a solid electrolyte
interphase  (SEI) layer on the electrode surface that allows Li* ions to
intercalate/deintercalate in “rocking chair” or “swing battery” on the surface. This

film also prevents no more dissolution of electrode surface in the electrolyte. These
8



SEI films are playing a very important role on the cell performance that are claimed
to be ionically conductive but not electronically. SEI film continues to dissolve while
charging/discharging reactions that cause an increment in impedance. As a result, the

capacity and efficiency of cell performance continues to fading eventually [20].

In the Li-ion secondary batteries, Li* ions move reversibly between the anode and
cathode through the electrolyte and results charge and discharge processes [36]. A
charge/discharge process of Li-ion secondary battery is represented in Figure 2.4. In
this cell, there most commonly used anode (LixCs) and cathode (Li1xC0oO,) materials
have been used and an electrolyte consisting lithium salt (e.g. LiPFg) gives the
system ionically conductive structure. During the discharge process negative
electrode is lithiated and cathode has active cites to accept Li* ions. Therefore, the
Li* ions are delithiated from the negative electrode to the electrolyte, meanwhile the
same amount of Li* ions intercalate cathode from the electrolyte solution [19] and at
the same time electrons travel from anode to the cathode material by an external
circuit [37]. Because of the intercalation process, SEI is formed by different transport
mechanisms such as migration and diffusion. The charging process is just the
reversible reaction of discharge, applying an external voltage or current to the
electrode materials, and electrons flow from the positive electrode to the negative
electrode [38, 39]. The electrochemical reactions occurred while charge/discharge

reactions are shown in equations [40].
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Figure 2.4: Li-ion secondary battery structure and charge/discharge process [41].



Anode reaction:

" _ Charge
6C+xLi"+e~ —— Li,Cq (2.1)

Cathode reaction:
Charge
LiCoO, —— Li;_,,Co0, + xLi* + xe (2.2)

Total Reaction:

LiCo0, + C4 chargs Liy_1C00, + Li,Cs (2.3)
Because of the fact that oil crisis and increment of the petroleum prices and
extinction of the sources of fossil fuels, Li-ion batteries become the alternative
source of energy in transportation sector, which is more efficient and environmental
friendly. Therefore, Li-ion batteries are going to have more attention in power
sources in the near future. It can be easily observed from the Figure 2.5 that sales of
the rechargable batteries have been proliferated since 1990s, from the statics of Japan
[20]. Commercial production of Li-ion batteries, dominated the market of secondary
batteries, cell phones and power devices very fastly, that achieved from 30,000 units
in 1995 to 200 millions of units in 2005.

Nowadays, there is an interest to use Li-ion batteries in highly powered and great
energy density devices, electrical vehicles (EVs) and hybrid electric vehicles
(HEVs), in industrial scale and aerospace applications. Nevertheless, Li-ion batteries
needed to have higher energy densities, better cycle properties and long life rather
than the power devices we use in daily life such as cell phones or laptops. For this
reason, both researchers and industrial companies start to search for the most suitable
electrode materials that can have higher specific capacity, higher energy densities,
work in a wide range of thermal, stable when charging/discharging very fastly in the
cyling and most importantly lower costs for the consumers [42].

The United States Advance Battery Consortium (USABC) have already established
goals for the production of electric and hybrid electric vehicles performances with
the contest with petroleum powered vehicles. The Li-ion batteries need to have a 10-
15 years life time for the HEV and EV applications, and 4.2 V batteries are required
[30]. Hence, it is obligated to product in large-scale batteries, increasing the stability,
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efficiency and safety the cells in order to achieve the goal for the HEV and EV

applications.
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Figure 2.5: The sales statics of rechargeable batteries in Japan 1985 to 2005 [20].

Production of large-scale batteries can be just produced from the small cells such
putting them together in a kind of packages for electric vehicles. Also, mass
producted batteries, that are going to be used in EVs, cost fewer than such small
batteries. Accordingly, researchers have been dedicated for reducing the cost of the
cells, starting with the cathode electrode, so that the Li-ion batteries can possess the
vehicle market comparing with the other power sources. For the producing large
scale of Li-ion batteries, it is needed to reduce the prices of the electrode materials
[24]. Consequently, cobalt material has been used since the first applications of the
Li-ion batteries, that is going to be abandoned beacuse of the low efficient cycle life,
and high costs. Producing the low cost and more efficient materials for the Li-ion
batteries is going to be the most critical and important part of the mass fabrication of

electrical vehicles.

In order to achieve the best suitable batteries for the electrical vehicle applications
having the advantages of high energy densities, long cycle life and low cost, the
researchers need to develop the material compounds that Li* is going to insertion and
extraction, and satisfy many criterion in the Li-ion batteries [41]. There have been
many attempts to find the best electrodes for the EV applications and Figure 2.6
shows potential materials that are under research. The properties to be achieved for

the electrodes are summarized as below [43].
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b)

d)

f)

9)

In order to maximize the cell voltage, both anode and cathode compounds
should have appropriate chemical potential of lithium.

The work function of the cathode material (®C) must be as large and the
work function of the anode material (0A) must be as low as possible, but not
more than the limits of the electrolyte band gap (Eg). Work function of
cathode material increases with the oxidation state of it increases and work
function of anode material decreases with oxidation state of it decreases. So
that if a transition metal is going to be used as a cathode such as Mn" in the
compound LixMyO, must have a high oxidation state, but if it’s going to be
used as an anode in the compound, the oxidation state should be low.

The compound must allow a large amount of Li* ions in the
insertion/extraction process (X in LixMyO, must be large) in order to
maximize the cell capacity. Also, the valance sites and empty places in the
crystal structure depend on the metal that Li* ions can insert.

The compound should be stable and not to have chemical reaction with the
electrolyte that is used in the cell to have a wide range of operating voltage.

In the charge/discharge process, there shouldn’t be any change of the
structure of the electrode material and these processes needed to be
reversibly, while the Li* ions insertion and extraction to achieve a good cycle
life.

The compound that is used as an electrode must have both electronically and
ionically conductive to prevent the polarization losses, to have a high current
and power density.

It should be easy to achieve, cheap, light weight and environmentally friendly

in the terms of commercial applications.
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Figure 2.6: Potential and capacity of some electrode materials for future
applications of Li-ion batteries [17].

2.1.1.1 Components of lithium-ion batteries

Batteries are made by four main components. First one is the anode that is the
negative eletrode in the cell, which contains a metal, and donating electrons to the
structure [44, 45]. Electrolyte is another important part of the batteries, which can be
either in solid or aqueous form that allows the movement of Li* ions inside as an
environment, helps transferring of charged molecules [46]. The other part of a cell is
seperator that is an insulative material made from such a polymer having porous
structure that admits of the charged ions migration. Also it prevents the direct contact
between the anode and cathode material thus the short circuit of the cell [47]. The
last and the most important part of the cell is cathode, that called positive material
which contains the source of Li* ions, needed to be layered structure in order to
easily intercalate/de-intercalate of ions [48, 49]. Anode and cathode materials’
structure directly effects the charge-discharge cycles of the batteries and the working
voltage of cell [37]. So it is obligated to understand the atomic structures and

molecular properties of the electrode materials [38].

Anode materials

Lithium metal has been used as ideal negative electrode since the first invention of
the Li-ion batteries till 1970, due to its high specific charge capacity (3860 mAh/g).
The intercalation of lithium as anode material with cathode materials showed high
potential, energy density and capacity [33]. Despite the fact that lithium metal is
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higly reactive with electrolyte, difficulties of using litium as anode material occurred
after cycling few times. Because of high reactivity, during the charge-discharge
cycle, dentritic structures appear on the lithium metal which causes the shortcut of
the cell. For having safety problems lithium metals can not be used as anode in
secondary Li-ion batteries. Researchers tried to find out new anode materials from
alloys and compounds instead of pure lithium metal. In order to achieve a good

anode material, it should show a low voltage discharge and store Li* ions.

Anode materials can be divided two main categories in order the use as negative
electrodes in Li-ion batteries which are called carbonaceous and noncarbonaceous.
Because of the advantages of the carbons in graphitic structure such as excellent
cyclable, low cost, non- toxicity, they have been widely used in the Li-ion batteries

as negative electrodes [50, 51].

The commercial applications of secondary Li-ion batteries have been developed by
Sony in 1990 using a carbon material as anode electrode. Since then Li-ion batteries
still have been used graphite materials that can accept Li* ions in the structure within
a significant amount (Li:C = 1:6) and lithium insert/extract without damaging the
morphology and electronical properties inversibly [52]. Because of the high chemical
potential of lithiated carbon materials that is so close to metalic lithium, they have
been used wide range. The type of the carbon material affects in the first cycle, the
energy and specific capacity, intercalation/de-intercalation process and cycling
behaviour of Li-ion batteries [52]. Carbon has advantages such as low cost, high
specific charge capacity, good clyclability, environmental safety, low Li* ion
insertion potential. In the cell, when Li" ion intercalates into carbon called charge,
and the de-intercalation of Li* ions from the structure is called discharge, reactions
between lithium and carbon during the charge-discharge step are referred in the

reaction (2.1).

In the applications of graphite accepts appreciate amount of Li* ions and forms LiCs
that can deliver 372 mAh/g when de-lithiated at room temperature [49]. The
electrochemical intercalation/de-intercalation of Li* ions is related to the structure
and type of the carbon [53, 54]. Graphite anodes (sintering at 3000 °C) deliver a
specific capacity 400 mAh/g while charging, but it can only deliver 290 mAh/g in
discharge [55]. This difference is due to the solid electrolyte interface (SEI) formed
on the graphite in the first charge [52].
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Graphite is a type of carbon, having a layered structure and oriented such as ABAB
as in Figure 2.7, that has sp” bonds between the C atoms, but each layer is only
connected to other by a very weak Van Der Waals bonds. During charge/discharge
process, Li* ions insertion towards the layers and make a little bit movement and
change the morphology and leads to an AAA layered structure as show in Figure 2.8
[56, 57]. So that, graphite has the structure of layers that provide Li* ions
insert/extract easily, flexible for reversibly intercalation process to serve an

appropriate anode material for Li-ion batteries [58].

Basal Plane

Figure 2.7: The layers and the structure of ABAB graphite [20].

020
0,

Figure 2.8: The structure of Li* ions between C atoms during insertion [20].

There is another type of carbon material, called “hard carbon” that takes the Li* ions
both layers and particles. Therefore hard carbon is a better host for the Li* ions as
LiCs and has more specific capacity than the graphite [36]. In the first cycle of hard

carbons, irreversible capacity loss is comparable with graphite anodes in the
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intercalation process of Li* ions [38]. Hard carbon cells can be connected each other

with a parallel connection and can be uniform voltage batteries [59, 48].

Although hard carbon has not high energy capacity, and because of the structure
diffusion rate of Li* ions inside is slowly, it can be graphitized with the thermal

processes and getting higher diffusion rate than the natural graphite [18].

In order to achieve a good anode material, researches are trying lithium alloys with
different materials. These alloys exhibit high capacities and good cyclability than
carbon with high voltage operation and stable structures as shown in Table 2.3. But
some of them have very brittle structure and they show a great volume increase
during cycling that causes stress on the surface and finally cracks. From these cracks,
electrochemically inactive materials appear on surface causing the lower cycle
stability. However due to their high energy density, high capacity and good

cyclability, lithium alloys became the alternative anode material for the carbon.

Table 2.3: Volume changes and theoretical capacities of lithiated metals [60].

) Lithiated Capacity Capacity Volume change
Material
Phase (mAh/g) (mAh/ml) (%)
C LiCs 372 833 12
Al LigAly4 2235 6035 238
Si Liy,Sis 4200 9800 400
Sn LizSn, 994 7000 257
Bi LisBi 385 3773 115

There have been many attempts to find a suitable metal to alloy with lithium for the
good anode materials. Among these materials silicon, tin, aluminum and titanium
take great attention with their high capacity and energy densities [61, 62]. Among
these materials silicon (Si) and tin (Sn) oxides have a high theoretical capacity when
they are fully lithiated Li,Sis (4200 mAh/g) and LixSns (994 mAh/g) [63, 64].
However, due to their high volume expansion (% 400 and % 676) [65] and loss of

electronic contacts during cycling, they still couldn’t be used commercially [66, 67].

Some researches showed that doping Si with carbon (C) and nickel (Ni) can solve
some problems with volume expansion and maybe improve the electrochemical
performance during cycling [68, 69]. With comparison of Al-Li alloys and Li-Sn
alloys, Al-Li showed higher theoretical capacity (993 mAh/g) as the theoretic
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capacity of fully lithiated Li,,Sns alloys (994 mAh/g), with a less volume expansion
of Al-Li (% 97) then Li-Sn alloys ( % 676) [70]. Lately some researches focused on
Li-Ti alloys such as LisTisO12 with high capacity and better cyclability and less
volume changes, but still researches continue to improve the properties of anode

materials in order to replace carbon [71, 72].

Cathode materials
Almost all cathode materials (positive electrode) have higher chemical potential than
pure lithium metal. These compounds contain either lithium metal or Li* ions in

order to move towards anode during the charge-discharge cycles [73].

Cathode materials are generally made from lithiated transition metals. These
materials can be oxidated higher valances during the cycle when Li* ions are
removed from the structure. Typically a cathode material has a layered structure with
LiMO, formula, in which M refers to transition metal such as Ni, Mn or Co. In this
structure Li* ions and metal ions are located in (111) planes and have octahedral
sites, oxygen atoms are along the c-axis of the rock salt structure [74, 75].

Cathodes have lower specific capacity than anodes that limiting the performance of
the Li-ion batteries. The capacity of cathodes should be improved to be used
successfully in new generation rechargeable batteries. A cathode material should
possess properties as follows [44]:

1- It should be a good conductor as a metal in order to achieve easy remove of
electrons during cycle.

2- It should have the ability of intercalating with large amount of Li" ions.

3- It shouldn’t react with electrolyte during the reaction.

4- Material should be stable and not change structure during charge/discharge.

5- It should be easily oxidized/reduced during reactions.

6- Material should react reversibly with Li* without any change of structure
during intercalation.

7- Material should have a high free energy with reaction of lithium.

8- It should serve high specific capacity and working voltage.

9- It should be low cost and environmentally friendly.

For the usage in Li-ion batteries, LiCoO, was the first cathode material which was

developed by Mizushima et al. in 1980 [6] and commercialized by Sony due to its
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easy to reproducibly without any problems [76]. LiNiO, was developed later which
has the same layered structure with LiCoO; but more stable and lower discharge rate.
Working voltage is respectively 3.7 V for LiCoO, and 3.5 V for LiNiO, [77, 78].
Both of them are electrochemically unstable and having safety problems during
reactions. As the removal of the Li* ions during the intercalation, structural changes
cause exothermic reaction of LiCoO, with electrolyte [79, 80]. Lithium cobalt
dioxide (LiCoO;) is one of the most used cathode material in commercial
applications of Li-ion batteries which has a layered a-NaFeO, structure that was
invented by Mizushima et al. in 1980 [6]. It has a relative stability and 274 mAh/g
theoretical capacity and higher energy capability with comparison to other cathode
materials. The crystal structure of the LiCoO, is layered rhombohedral (space group
R3m) shown as the Figure 2.9. In this structure oxygen atoms are ordered with Li
and Co atoms in (111) planes that looks like distorted hexagonal struture. During the
intercalation/deintercalation process, Li* ions move through the CoO, layers in the
structure [81].
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Figure 2.9: Crystal structure of layered LiCoO, [82].

LiCoO; has several phase transformations during charging to 4.2 V from hexagonal
to monoclinic structure results decreasing cycle performance and capacity of cathode

material. Moreover, dissolution of Co into electrolyte is observed when the battery is

18



charged over 4.2 V [17]. Consequently, LiCoO, was a good cathode material for the
first applications of Li-ion batteries however it should be replaced due to its safety,
cost and stability problems [83, 84]. Other alternative cathode materials are under

research using transition materials such as Ni, Mn, Fe.

LiNiO, is one of the other cathode materials which has the hexagonal (R3m) crystal
structure. It has 275 mAh/g theoretical capacity and 3.7 V working voltage [74].
LiNiO, is more promising cathode material comparing with LiCoO, and has many
advantages such as higher capacity in reality (200 mAh/g), less cost and not harmful
to environment however having the problems with synthesis and safety. Also phase
transformations occur during cycle and cause the displacement of atoms in the

structure which results with capacity fading [85].

The advantages of LiNiO, took some attention in order to be an alternative cathode
material although some problems should be overcome before the use of
commercially rather than LiCoO, [74]. During the electrochemically charging, Ni*?
ions can be oxidized to Ni** resulting structural changes and prevent intercalation of
Li* ions [38]. Also, when the over potential applied, the loss of oxygen in exothermic
reaction can cause explosion depending the flash point of electrolytes. The structural
changes should be prevented in order not to have a capacity fading during the cycle.

Another alternative cathode material is Lithium Manganese Oxide (LiMn,0,) which
has a cubic close pack spinel structure having a space group Fd3m as shown in the
Figure 2.10. In this structure lithium atoms are occupied in the tetrahedral 8a sites,
manganese atoms are sited in octahedral 16d and oxygen atoms are in center of the
cubic faces. This spinel structured LiMn,O4 was developed by Thackeray et al in
1990s in order to lower the cost cathode materials [86]. Also it shows better stability
and high voltage discharge and more environmentally safety. However it has lower
theoretic capacity (148 mAh/g) and capacity loss in high temperatures with the
comparison of layered cathode materials such as LiCoO, and LiNiO,. There have
been many studies to overcome of these problems such as coating the particle

surfaces and using other type of electrolytes to prevent dissolving manganese [87].
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Figure 2.10: Crystal structure of spinel LiMn,QO4 [32].

Nowadays many researchers are focused on producing more stable, high specific
capacity cathode materials in order to displace the old type expensive and unstable
cathodes. For this reason in some studies cobalt and nickel is being mixed with
lithium to achieve a layered compositions such as LiNiggCoy20, which has not only
lower cost and less harmful to environment but also higher capacity (180 mAh/g).
There are still research for low cost and environmental friendly cathode materials
having compounds of cobalt, nickel, phosphates, manganese and vanadium such as
LiMNnPOy, LiCoPO4 and LiV(PO4); [88].

Mixing nickel, cobalt and manganese in different rates gives better performance and
lower cost than pure cathode materials such as LiCoOg, LiNiO, or LiMn,0,. For this
reason LiNiy3C013Mny30, systems are still under research to understand the
optimum composition and the behaviours of the metals that are used in structure.
This cathode shows 150 mAh/g capacity with 4.2 V working voltage with improved

capacity retention and stabilized structure [89].

Also in recent years there have been many attempts to substitute nickel and cobalt
atoms with other metals such as aluminium, gallium, manganese and titanium in
order to have more stabilized structure and better electrochemical properties. Among
these alternative cathode materials, LiNij.y.zCoyAl,O, has the better properties and
started being used in commercially productions due to its high specific capacity
(120-130 Wh/kg) without capacity fading during 1000 cycles [90].
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In 1997 Goodenough and coworkers discovered a new cathode material called
Lithium Iron Phosphate (LiFePO4) which has gained more attention not only in
researches but also industrial applications due to its great properties such as low cost
and less toxicity with comparison other cathode materials made by Mn, Ni and Co. It
has olivine type crystal structure with Pnma space group as shown in Figure 2.11. It
has an orthorhombic symmetry where PO, tetrahedras, FeOg octahedras, Li* and Fe”
ions are located in alternate planes (001) in the structure [91, 92]. LiFePO, has a
working voltage 3.4 V which is lower than other layered cathode materials. But it has
a high specific theoretic capacity (170 mAh/g) with better stable structure during
cycle.

@Li
@Fe
@P

Figure 2.11: Crystal structure of olivine LiFePO, [93].

Although LiFePO, material has a low electronic conductivity around 10° S/cm
because of the PO, groups and one dimensional diffusion pathway of Li* ions, many
researches focused on achieving higher electronic conductivity of LiFePO,4 with

carbon coating and producing the particles in nanometer sizes [94].

In a research, a graphite precursor was mixed with LiFePO4 powders by Huang et al
in order to improve the conductivitiy and electrochemical properties with controlling
particle sizes in the nanometer ranges. In this work, LiFePO,/C composites particles
achieved a great cycling performance at C/2 with almost no capacity loss which
showed that minimizing particles and adding carbon additives improve the
performance of LiFePO, cathode materials [92]. In another article Franger and
friends made LiFePO,/C composites with mechanochemical method that particle
sizes are between 0.5-2 um having 125 mAh/g specific capacity at 1 C rate [95].

21



Yamada and friends produced 200-300 nm grain sized LiFePO, samples showing
160 mAh/g capacity [96] which is another proof of the lowering particle improves

the performance and specific capacity of the samples.

LiFePO, cathode material is also took attention from industrial applications and Sony
workers searched for the facts that effect the performance during the synthesis of the
materials such as temperature. They realized that when the synthesis temperature
decreases, it is possible to achieve smaller particles sizes, which is resulting better

capacity and performance of the batteries [97].

Charge
LiFePO, —— (1 — x)LiFePO, + xFePO, + xe~ + xLi™* (2.4)

During the synthesis of LiFePO, powders, it is very important to prevent the
formation of impurities such as Fe (I11) because oxidation of unstable Fe (I1). For this
purpose, carbothermal reduction process gained a great interest nowadays due to its
advantage of using directly Fe (111) precursors that are cheaper and more stable than
Fe (I1) precursors in order to produce LiFePO, powders. In an article, Liu and
friends reported producing LiFePO4/C powders at 750 °C with carbothermal
reduction technique gives 133 mAh/g specific capacity at C/10 rate and almost no

capacity decrease in 20 cycles [98].

In the carbothermal process, particle size distribution and crystallization degree is
very important that can inhibit LiFePO, dissolution and result better performance
during cycling. Zhi and friends reported the calcination temperature effect
carbothermal reduction on crystallinity of LiFePO,/C powders, which showed that
low calcination temperatures results with nanosized particles, low crystallization
degree. These powders had high initial capacities but poor electrochemical

performance due to low stable structures during the cycling [99].

Microwave heating is another alternative method to produce LiFePO, powders with
the help of easy controllable size and uniform particles, very short process times (2-
20 mins), lower cost than other conventional techniques and not using any reductive

gas during synthesis [100].

Higuschi and friends produced LiFePO,4 powders with microwave process showing
125 mAh/g capacity with a very low capacity decrease during cycling at 60 C [101].
In another study, it was found that the particle sizes of LiFePO, powders produced

by microwave technique are smaller and uniform, having smooth surface and higher
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capacity comparing to powders produced by other solid state techniques [102].
Another advantage of microwave heating technique is producing LiFePO4 nanorods
having 25-40 nm width and 0.1-1 um length. These nanorods exhibit a great
discharge capacity (161 mAh/g at C/10) and cycling performance when mixed with
multi walled carbon nanotubes [103]. Also combined synthesize techniques can
result smaller size particles. Parker and friends used combination of precipitation and
microwave technique resulting smaller particles with a higher capacity (150 mAh/g
at C/10 rate) [101].

Xu and friends produced LiFePO, powders with hydrothermal synthesis technique
which is a cheap and simple way to produce pure and uniform powders. They
covered powders with multi walled carbon nanotubes resulting a high specific
capacity (160 mAh/g at 0.3 C rate) and good cycling with a low capacity fading in 50
cycles [104, 105].

Sol-gel is another way to produce powders with wet chemical synthesis technique in
a low temperature having the advantages of low cost, high purity and uniform small
particle sizes in nanometer ranges which takes very much attention for producing
LiFePO, powders [106].

Dominko and friends studied to compare sol gel technique and solid state synthesis
for the preparation of LiFePO,4, which has proved that the powders prepared by sol-
gel technique has higher capacities around 150 mAh/g at C/10 and the others are 130
mAh/g in same rate [107]. LiFePO, powders have pore sizes in the range of 30-200
nm with the sol-gel synthesis. In a research of Dominko and friends analyzed pore
sizes of LiFePO4/C composite powders which are 60-90 nm having 160 mAh/g
capacity in C/20 rate [108].

The pored structure have better influence on powders showing better electrochemical
properties due to increasing surface area and making the path of Li* diffusion shorter
[109]. In order to have better electronic conductivity and electrochemical
performance, not only carbon but also other metals can be added to the LiFePO,
structure such as Mg, Ti and Zr. Wang and friends found out that the samples doped

with Ti metal has better capacity (160 mAh/g at C/8 rate) during cycling [110].
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Myung and friends tried to achieve a composite of LiFePO4/C powders by using
aqueous emulsion drying method and having a capacity 140 mAh/g at 20 mA/g rate
[111].

Nowadays microemulsion drying technique takes a great attention for producing
nanosized LiFePO, powders. With the help of stabilizing agents it is easy to achieve
thermodynamically stable solutions [112]. Myung and friends produced LiFePO,/C
powders using microemulsion drying technique, having particle sizes around Ipum
and 125 mAh/g specific capacity at C/8.5 rate. It also increased conductivity in the
range of 10 S/cm [113]. In order to have smaller particles in the synthesis of
particles, stabilizers and surfactant materials can be added to microemulsion
solutions. In an article 90 nm particle sized LiFePO,/C are produced having 163

mAh/g initial discharge capacity at C/10 rate [114].

Although there are a lot of reports about improving the conductivity of LiFePO,4
cathode material, these kinds of carbon coatings can dissolve in electrolyte during
cycling and result the formation of SEI layer. In order to prepare a high capacity
cathode material it is difficult to produce the composite particles in nano size range

due to high chemical reactivity [93].

For this purpose, Molenda et al. developed a unique technique to produce conductive
carbon layers on nano sized particles. In this process nano sized particles are
impregnated to the solutions of polymer compositions of pyromellitic acid (PMA)
modified poly-N-vinylformamide (PNVF) in water [93]. After the mixture achieved,
it is stirred till the evaporation of water and to prevent precipitation. After drying the
powders in air furnace and pyrolysis around 500-700 °C under inert gas (Ar, Ny)
atmosphere, conductive carbon layer (CCL) covered nanoparticles are achieved as an
illustration in Figure 2.12 [93].
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Figure 2.12: Producing CCL covered nanoparticles [93].

24



As a conclusion, LiFePO, is a good promising cathode material due to its high
capacity, environmental friendly, good cycling and high stable structure. Although it
has a low conductivity (10 S/cm at room temp.), it can be doped or covered with
carbon additives, or producing uniform small particle sizes having large surface area

in order to improve its electrochemical properties.

In this study, LiFePO, nanoparticles will be produced by the anaqueous solution
technique and cover them by conductive carbon layers in order to improve the

conductivity and electrochemical properties of powders.

Electrolyte

Inside of Li-ion batteries, water is not suitable solution using as an electrolyte due to
its low stability in high working voltages. Even though nonaqueous organic solutions
have lower ionic conductivities than water, they are used for higher electrochemical
stability. Also, electrolytes should be suitable with the electrode materials [32]. An
optimum electrolyte solution should have high ionic conductivity, large potential
working range, thermally and chemically stable, low reactivity with electrodes and

environmentally safe [115].

In order to produce liquid electrolytes, the solutions of esters such as ethylene
carbonate (EC) for highly permittivity and dimethyl carbonate (DMC) for low
viscosity are used for resulting good electrochemical performances with high

conductivities.

In addition to the combination of EC and DMC, salt should be added to show better
cycling properties and more stability up to 4.5 V. LiPFg is the most used salt in Li-
ion batteries [116].

Although it is the most commercially used electrolyte solution, EC based electrolytes
should not be used with the graphite anode electrodes causing the peeling of graphite
[117].

Nevertheless, organic electrolyte solutions are highly combustible and easy to
decompose because of the oxidizing effect of cathode materials. To overcome these
problems, researchers tried to develop polymer based electrolytes to replace liquid
electrolytes. In these polymer electrolytes, liquid electrolytes (EC-LiPFg) are put into
a polymer matrix of polycarbonate and polyvinylidene difluoride (PC, PVDF) having
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the combination of a better mechanical properties and high conductivity at same time
[118]. Although polymer electrolytes have the advantages of nonflammable structure
and preventing the leak of liquid electrolyte, it has a very important disadvantage of
low ionic conductivity (10® to 10° S/cm) compared with the liquid ones (10 to 107
S/cm). Also polymer electrolytes decrease the power densities of the batteries due to
low Li* transfer number [119]. As a conclusion, polymer electrolytes promising have
some advantages comparing with liquid electrolytes however some problems should
be solved in order to be a replaced in for the next generation commercial Li-ion

batteries.

Seperator
One of the main components of the Li-ion batteries are the seperators which prevents
the direct contact of cathode and anode electrodes in order not to have a short circuit.

Seperators should allow the ionic transfers between the electrodes [47].

Seperators must be selected for the best compatibility of each battery requirements.
There are some important properties of separators that affect the performance and

stability of the batteries such as:

» Mechanically stable

Easily wetted by electrolyte

Chemical resistance for other parts of battery
Electronically insulating

Prevent the particle transport

Uniform surface structure and thickness

YV V. V V V VY

Low resistance of electrolyte

Generally seperators are made from the polymeric electrolytes or porous plastic films
such as polypropylene (PP) and polyethylene (PE). These are the most common used
seperators in Li-ion batteries providing chemically stability, low cost and good
mechanical properties. Additionally when the temperature of the cell rises more then
the melting point of separator (130 °C), their pores are shut down in order to avoid of

Li* transport and overcharging the battery [120].
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3. MICROEMULSION

Emulsions are the mixture of two different liquids which are immiscible or partially
miscible. Emulsion solutions are thermodynamically unstable and heterogeneous
resulting one liquid is dispersed into another immiscible one. As a result, droplets
achieved having diameter 1-100 um. In these systems different phases occur, which
are called “water” and “oil”. The water phase is aqueous and oil phase is mostly
hydrophobic materials (aliphatic, aromatic) such as toluene or n-decane [121]. There
are two different kind of emulsions which are named from the dispersed phase: If
“water” is the dispersed phase inside of continuous “oil” phase it is called “water in
oil (W/O)” emulsions, and reversibly when the “oil” phase is dispersed in a
continuous “water” phase, that are called “oil in water (O/W)” emulsions. In order to
achieve a homogenous emulsion, surface active materials (surfactant) can be added
to system. These surfactant materials control and adjust properties of the dispersed

droplets and interphase between water and oil phase.

Emulsions can be classified by means of the dispersed phase and the diameter of
droplets. The diameters of droplets affect their visual apperance resulted from the
light scattering from droplets. ‘“Macroemulsions” are the opaque-milky white
solutions which have diameter of droplets larger then 0.3 um that scatters the
spectrum of visible light. When the droplet size decreases, the colour of the solution
turns to gray translucent called “miniemulsion” which has a 0.1-0.3 um droplet sizes
that can only scatter some spectrum of the visible light. If the droplets have diameter
less than 0.1 um (1/4 of wavelength of visible length) the solutions becomes
transparent and called “microemulsion” [121]. Because of the fact that
macroemulsions had some problems with stability and flocculation, microemulsions
had a great interest since the last few decades both from the academical and

industrial applications.

In order to prepare a stable emulsion and achieve the properties as wanted, it is
required to understand the parameters affecting the droplet sizes and the other forces

between the dispersed and continuous phase. For this reason, researches have an
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improving interest as it can be seen from the increment of the publications on
microemulsion since 1990. In a research, from the database of scopus, for the
“microemulsion” the published papers has a high rate of increase 1960-70s (112
papers), 1980s (974 papers), 1990s (2762 papers), 2000s (6933) [122]. Emulsions
and microemulsions have some different structural properties such as physical and
thermodynamic which effects their stability and droplet sizes. Emulsions are
generally unstable, therefore droplets (1-100 um) coalesence in time and grow larger.
Finally phase seperation occurs in the emulsion systems because of the gravitational
forces [123]. On the other hand, microemulsions are thermodynamically stable and
isotropic transparent solutions which have droplet sizes in a range of 5-100 nm.
Microemulsion properties are dependent on some parameters such as the
concentration or type of the surfactants that are used to control the interfacial surface
film between oil and water phases [124]. If the optimum conditions to produce
microemulsions, the solution becomes stable spontaneously and stays from weeks to
years [125].

There have been many researches about microemulsions since 1900s. In a
publication of Hoar and Schulman in 1943 they mentioned that if oil and soap (cetyl
trimethyl ammonium bromide) are mixed in a sufficient amount with the help of
alcohol and water, it may result a transparent solution of continuous oil phase in
which water droplets are dispersed [121]. They also tried to understand the forces on
the surface of droplets. They found that interfacial tension has a very important
influence which can be stabilized by an alcohol to prevent the repulsive electrostatic
forces for water in oil microemulsion. Schulman described “microemulsion” in 1959
which can be also be water in oil (W/O) and oil in water (O/W) related the properties
of the system and additives [126].

Figure 3.1: Schematic illustration of and oil-in-water (O/W) microemulsion system
[126].
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Determination of the type of microemulsion is more related to surfactant type rather
than volume ratios of the phases in the system as referred to Bancroft rules. These
rules are that in a microemulsion the contiuous phase will be in which the surfactant

is more soluble [127].

Bowcott and Schulman published an article in 1955 and tried to explain the
formation theory of microemulsions. This is related to molecular interactions at
interface between oil and water phases. In this interphase, surfactant (potassium
oleate) and cosurfactant (alcohol) dispersed between oil and water phase [121]. The
structure of the microemulsions can vary from spherical to cylindrical which is

separated from the continuous phase with an interphase [122].

In a microemulsion, there is a huge interfacial area created by droplets result the
interfacial tension improvement. In Figure 3.2 there is a critical droplet size where

the free energy is negative and makes the stable microemulsion [126].

+ Macroemulsions (IFT = 1 mN/m)

AG of
dispersion

0 —— Dl'oplet radius

- Microemulsions
(R*=10-100 nm, IFT 107 mN/m)

Figure 3.2: Thermodynamically stability of macroemulsions and microemulsions
[126].
In the late years of 1970s, applications of microemulsions are improved in the oil
industries after recovering the oil became an important issue. In some experiments,
Schulaman and coworkers tried to understand and determine the properties such as
droplet sizes of the microemulsion solutions using light scatter and X-ray diffraction,
nuclear magnetic resonance (NMR), viscosimetry and ultra-centrifuge [126].
Although the sizes of particles in microemulsions don’t refer the name of it (micro),

it is an easy way to produce powders from nanometer to micrometer scale [122].
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In microemulsion, nanoparticles can be produced in uniform sizes by controlling the
parameters effecting the growth of micelle sizes. These parameters are mostly related

to surfactant and the ratio of it which affect the interphase properties [128, 129].

There are several advantages of using microemulsion method for producing
nanosized particles. It doesn’t need any expensive devices or equipment as compared
to other techniques. Uniform and homogenous nanoparties are obtained for the
desired applications. Particle sizes and morphology can be adjusted by controlling
the parameters [130, 131]. Also after the powders are produced, the temperature and
the time of the annealing parameters can also effects the size and the crystallization
of the product. In order to understand the properties of the microemulsions many
researchers have been still investigating the phases and the relation between each

other.

3.1. Applications of microemulsions

In daily life, microemulsions are widely used for productions in human life. In order
to achieve the desired material, it is very crucial to understand and control the
formation parameters during the process. In most cases microemulsions are used for
the solubilisation of chemicals and removal of unwanted materials. For the industrial
applications, the microemulsions should be low prices. There are many areas to use
microemulsions for such desired applications of foams for fire fighting, cleaning
stuff, decontamination of chemicals, microemulsion polymerization [132], food
additives [133], medical and cosmetic applications [134]. In a report of using
surfactants for such applications, it is indicated that 2 million m® surfactants are used
in 2003 in the industrial scale which shows the importance of the microemulsion

process and the products obtained [122].

Microemulsions have great advantage in using health applications due to their unique
properties such as the ability of solubility of hydrophilic/hydrophobic particles and
having stable for long times. For this reason, it is used for many health applications
such as recovery of oil [135] and even delivering genes to cells in human body. Due
to their unique physical and chemical properties, microemulsions are widely used in
drug delivery processes such as proteins [136], transdermal [137], amphiphilic drugs
[138]. There are many applications about gene delivery to cells [139], aim to cancer
cells [140], biocatalyss [141] and for food products [142].
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Since the first application of microemulsions for producing nanoparticles from
1990s, it became an important technique to produce polymeric nanomaterials [143],
metal oxide nanoparticles [144], intermetallic and metallic nanoparticles [145] and

magnetic nanoparticles [146].

As a conclusion, microemulsions are widely used in many industrial applications due
to their advantages such as producing very small uniform particles and high surface
area. It is very important to understand the interactions which occur on the

interphases of droplets during microemulsion synthesis.

In order to produce stable and homogenous microemulsions, the formation of the
system requires many conditions to be understood and controlled. Some of these

conditions are [121];

a) Inorder to cover the surfaces of droplets there should be sufficient surfactant.
b) The interfacial layer should have solubility in oil and water phases

c) The surfactant should reduce the free energy at interphase.
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4. EXPERIMENTAL PART

4.1 Producing LiFePO4 Powders

In a novel anhydrous solution precipitation technique, olivine structured LiFePO,
nano powders are prepared as precursor powders. For this purpose, lithium acetate
dihydrate (LiC,H30,.2H,0) from Sigma, ammonium dihydrogen phosphate
[(NH4)H2PO4] from POCH and iron(ll) sulfate heptahydrate (FeSO4.7H,0) from
ROTH are used as the raw powders as received without any further process. They are
mixed in a stoichiometric ratio of Li:Fe:P (1.3:1:1). In order to prepare the solutions,
each powder is dissolved in ethylene glycol (C,HgO,) from POCH. They are stirred
continuously seperated at room temperature and then mixed all together. Ammonium
dihydrogen phosphate is dissolved in 200-250 ml ethylene glycol for 24 hours to
achieve a pure, homogenous solution. Lithium acetate dihydrate is dissolved in 40-50
ml ethylene glycol for 1-2 hours and finally iron (I1) sulfate heptahydrate is put into a
sealed reactor and dissolved in 50-60 ml ethylene glycol for 1-2 hours under inert gas
(Ar, N) atmosphere to prevent the formation of Fe (I1l) impurities caused by the
oxidization of Fe (1) powders. After every solution achieved, first lithium solution
and then phosphate solution added slowly onto the iron solution slowly in reactor,
and left strirring continuously at room temperature for 24 hours under inert gas.
During the mixing, solution turned to dark green. After the solution achieved, it is
put into centrifuge at 3000-4000 rpm for 4-5 times (Heraeus Megafuge 40R) to
sedimentation of powders from the ethylene glycol with the help of acetone. Finally,
the powders are obtained in a slurry structure and put into air furnace (BMT-
Venticell 55) at 80-90 °C for over a night in order to get rid of remaining liquid.
After drying the powders, the LiFePO, raw powders are produced. Eventually, the
precursor powders are calcinated in 550-750 °C for 6-24 hours in tube furnace under

inert gas (Ar, N2) atmosphere to have the crystalline phase.
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In order to produce small nanoparticles and more stable structure of LiFePO,4 with
the help of microemulsion technique, ammonium dihydrogen phosphate, lithium
acetate dehydrate and iron (11) sulphate heptahydrate powders are prepared separated
microemulsions and mixed as the same route of solution precipitation technique we
used. For this reason, ethylene glycol (water phase) and toluene (oil phase) are used
as solvents and sodium dodecyl sulfate (SDS) as surfactant and decanol as
cosurfactant. For preparing the optimum stable solutions, precursor powders and
other materials are mixed in different ratios to each other as referred by Friberg et al.
[147].

4.2 Conductive Carbon Layer (CCL) Coating

In order to improve the conductivity of the LiFePO, powders, a novel process is
developed by Moleda et al. [93]. Due to this reference, our particles are immersed in
the solutions of polymer combinations. For this reason, first of all our LiFePO,
powders are wetted by distilled water to have easy mixing with other solutions and
mixed in ultrasonic mixer for 5-15 minutes. In the same time, pyromellitic acid
(PMA) and poly-N-vinylformamide (PNVF) are dissolved in water around % 5-15
and mixed to each other and continue stirring around 30-40 minutes. Secondly the
mixture of polymer solutions is added onto the LiFePO, powders. Final mixture is
mixed by magnetic stirrer for 10-20 minutes, then ultrasonic mixer for 15-25 minutes
and lastly 30-40 minutes on laboratory shaker until the homogenous mixture of the

solutions are achieved.

COMPOSITE

GRAIN OF
PRECURSOR GRAIN OF
HOST MATERIAL CCL COMPOSITE

MONOMERE IMPREGNATION 7 8
RADICAL IN POLYMER 3 @ CONTROLLED
POLYMERIZATION WATER SOLUTION ﬁ.’ } PYROLYSIS

L
Figure 4.1: CCL covering process of LiFePO,4 nanoparticles [93].

After this process, the solution is put into a plastic pot and stirring continuously at
50-60 °C on a temperature controlled magnetic stirrer till the loss of all water from
the system. Mud-like powders are put into air furnace at 80-100 °C to be dried for 24
hours. Dried powders are glassy due to the polymeric cover over the particles. CCL
covered LiFePO, powders (CCL/LiFePQ,) are put into tube furnace for controlled
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pyrolysis around 550-700 °C for 6-24 hours on gold plates under inert atmosphere to
prevent impurities during heat treatment. It can be seen the illustration of the CCL

covering of the particles in Figure 4.1.

In this study, LiFePO4 nanoparticles are covered with CCL in the ratio of 5-20 %.
The amount of covered CCL on the nanoparticles of CCL/LiFePQO, is calculated
from TGA curves. To compare the performance of CCL/ LiFePO, nanocomposites
with commercial carbon black (CB), LiFePO,4 nano powders are mixed CB in the

same ratios of CCL.

4.3 Characterization of Powders

43.1TGA

In order to estimate the calcination temperature of LiFePO, precursor powders,
thermogravimetric analysis (TGA) with single differential thermal analysis (SDTA)
are performed in Mettler-Toledo 851° thermo analyzer coupled to Thermostar GSD
300 T Balzers using open aluminium oxide crucibles as reference material.
Quadruple mass spectrometer (QMS) is also joined online to determine the mass and
type of the gases during analysis. In TGA, it is analysed that the mass change of
sample with temperature, thermal stability and decomposition temperature of
material. During SDTA anaylsis, empty inert reference crucible is heated and
measured as the same of sample material and calculate the difference between them,
so physical and chemical transitions such as melting of sample can be determined. In
the QMS analysis, the mass lines are referred to OH (17), H,O (18) and CO; (44)
species. With the DTG (derivative thermogravimetric) analysis, it is observed more
clearly and detailed in the mass changes with temperature. The samples are put into
150 ul aluminium oxide crucibles and heat treated under air atmosphere (80 mi/min)

within temperature range 25-1000 °C heating rate of 10 °C/min.

4.3.2 XRD

As-prepared LiFePO, powders are examined before and after covering with CCL by
XRD analyser (Bruker D2 Phaser, CuK,=1.5418 A) scanning in the range of 26=10-
80° in order to determine the phases and crystal structure. Particles sizes are
calculated from the full width at half maximum (FWHM) diffraction peaks using the

Scherrer equation as:
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KA
dxrp = m (4-1)

where d is the crystallite size, A is the diffraction wavelength (1.5418 A), B is full
width half maximum intensity from the strongest peaks, © is the diffraction angle of
the peak and K is Scherrer constant (0.89) value depending on particle shape [148].

433 BET

Specific surface areas and pore diameters of LiFePO, and CCL/LiFePO,
nanocomposites are measured by N,-BET isotherm method in analyzer
(Micrometrics ASAP 2010). In order to charactarize surface properties of the
samples, average pore sizes and distribution of them are determined during the
adsorption/desorption of N,. Particle sizes of the samples are calculated assuming
spherical shapes and narrow size distributed and relating the surface areas as the
formula [149]:

_ 6000

dggr = p (4.2)

where Ag is referred to the specific surface area (m?/g) measured from BET results
and p is attributed the theoretical density (g/cm®) of LiFePO,as 3.6 g/cm® [150].

4.3.4 Conductivity

For comparison of the electrical conductivities of nanocomposites CCL/LiFePO, and
mixture of CB/LiFePO, was measured by AC (33Hz) 4-probe technique (Sigma 1 in
AC) within the range of temperature (-20) °C and (+40) °C. The samples are so
elastic structured after CCL cover, so they are put into a glass tube and squeezed
with screw between gold electrode discs (#=5 mm) until no change in resistance in

order to make the pellets.

Electrical conductivity results of the samples CCL/LiFePO, and CB/LiFePO, are
shown as a function of temperature and activation energies are calculated by the
Arrhenius law based on the formula [151]:

Eq
0 = gypexp(— KBT) (4.3)

where Kg is the Boltzmann constant, ¢ is the conductivity of material, oo IS pre-

exponential factor and Ea is the activation energy.
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4.3.5 Electrochemical Characterization

The electrochemical tests of LiFePO, are measured using CR 2032 coin cells
assembled in a glove box under argon atmosphere as shown in Figure 4.2. For this
reason, LiFePO,4 powders are used as active material and mixed with acetylene black
to improve conductivity and polyvinylidene fluoride (PVDF) as binder in different
ratios (% wt 80:10:10 and 75:15:10) to compare results. The mixture is dissolved in
1-methyl-2-pyrrolidinone (NMP) and coated as a thin film on Al foil for current
collector. The films are dried at 100-120 °C for 2 hours in vacuum oven and then
pressed at 10 MPa for 5 minutes. Finally films are cut to form a disk electrode having
1.5 cm? area. Finally batteries are assembled using these LiFePO, films as cathode
electrode, lithium metal is used as negative (counter) electrode and separator is used
polypropylene membranes (Celgard). The electrolyte was 1 M LiPF6 (lithium
hexafluorophosphate) dissolved in mixture solution of EC (ethylene carbonate) and
DMC (dimethyl carbonate) having volume ratio of 1:1 which is obtained as LP 30
from Merck.

Negative-Top Case (SS)

Disk Spacing

- Spacer (SS)
e

Negative Electrode (Lithium)

S ) Separator (PP)
Positive Electrode (LiFePOs)

Spacer (SS)

Q Positive-Bottom Case (SS)

Figure 4.2: An illustration of assembling a coin cell.

4.3.5.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique to measure a cell
behaviour. The datas can be obtained from the redox reactions thermodynamically
and also kinetics of electron transfer during the reactions. The shapes and the
characteristic position of voltammetric analysis are special for electrochemical

properties from a redox reaction [14, 167].
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With the help of CV technique, it can be investigated all types of potential dependent
interface processes, double layer capacitances and charge transfer reactions [167].

In order to the cyclic voltammetry measurement of a cell (working electrode versus
counter electrode), voltage is applied to working electrode linearly vs time. In a
typical experiment of CV a solution is placed in contact with electrodes and reduced
or oxidized. When the positive/negative voltage is applied to system, electrode is
forced to transfer electrons from surface. The response of cell is measured by current
(i) vs potential (U) in electrode circuit reversibly and plotted as cyclic
voltammogram (CV). For example, LiMn,O, is a well known cathode as working
electrode versus lithium metal as counter electrode. The cell is cycled between 3.4
and 4.3 V at 0.1 mV/s rate. The resulting CV plot is shown as Figure 4.3 [14].

412V 4oy

1.0

Current (mA)

0.0

-1.0 1

390V 4.04V

T T T 1 '
3.4 3.6 3.8 4.0 4.2 4.4
Voltage (V)

Figure 4.3: CV plot of LiMn,0O, electrode [14].

During the cycling of electrode, anodic and cathodic peaks are observed due to
resersible oxidation and reduction reactions from lithium insertion/extraction. These
voltammetric waves are indicating that electrode material changes phase during
intercalation of Li* ions. The anodic peaks around 4.12 and 4.22 V are attributed to
oxidation reactions due to deintercalation (removal) of Li* ions from tetrahedral sites
of cathode electrode during charge process. When the material is synthesized in high

crystallinity, peaks will be observed sharper and splitted from each other [14].

38



Sometimes, peaks are not located exactly at the thermodynamic potentials because of
overpotentials which are caused by charge transfer resistance, diffusion process,
resistance between current collector and active material, electrolyte resistance. High
scan rate would increase the overpotentials, however low scan rate may result the

peaks as expected thermodynamic potentials [167].

4.3.5.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a very useful technique to analyse
electrical and electroctrochemical properties of materials and energy storage systems
such as fuel cells and batteries. lonic and electronic conductivities of electrodes can
be investigated with the help of this technique. Also, electrochemical diffusion
coefficient can be charazterized by impedance analysis [164]. EIS applies a
sinusoidal electrochemical potential or current to material in a wide range of
frequency which shows the reactions take place in different rates and allows to

measure the capacitance of electrode [14].

When there is a voltage (potential) applied on electrochemical cell that will result a
electric current flow over the cell. The ions will move through the electrolyte
because of the potential difference and form new chemical species as a result of

some reactions [24].

During the measurements of EIS, generally a sinusoidal AC voltage signal U(t) is
used and sinusoid of same frequency gives us an AC current response I(t) but in a
different phase. The combination of the formulas of applied AC voltage and response

signal gives us the impedance formula as complex function [167]:

sin(wt)

Z=12 = Zo exp (jo) = Zo (cos (@) + sin (j)) (4.4)

0 sin(wt+¢)

where © is the radial frequency and ¢ is the phase shift. Impedance has a real part
that is plotted on x-axis and and an imaginary part (negative of imaginary) is plotted
on y-axis in a Nyquist plot. As an example of a circuit that a resistor is parallel to a

capacitive part then we obtain a plot as in Figure 4.4 [167].
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Figure 4.4: An example of circuit and Nyquist plot [167].

The resistance of Li-ions diffusion in the electrolyte can be calculated from the
distance between y-axis and first point of real component of first semi circle. The
charge transfer of the ions from electrode through electrolyte is shown as a semi
circle, which can ocur in a wide range of frequency related to electrode material and
electrolyte properties. The movement of ions and interaction with organic solvents in
Li-ion batteries is represented in Figure 4.5. When the AC signal frequency is higher
than 10° Hz then the reaction takes less than 10 ps. As a result, in this sample only a
real part appear for impedance in Nyquist plot which means no capacitive behaviour
of material. While the middle range frequency applied between 10° and 10° Hz, ion
charge transfer happens in 10 us and 1 s. When the low frequency applied less than
10° Hz, a 45° angle plot appears in Nyquist which refers to solid state diffusion in
material. In that low frequency ranges impedance is totally capacitive and Li-ions

can not diffuse into material [167].
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Figure 4.5: Li-ion transfer and Nquist plots appear in Li-ion batteries [167].
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Electrochemical cells are assumed as the combination of capacitors and resistors in
an equivalent circuit. In the impedance analysis (from real and imaginary parts), we
can decide the circuit and different components properties. The electroactive parts of
an equivalent ciruit are shown in Figure 4.6 which is offered by Randles et al. In this
model, R, or Re represents the ohmic resistance of electrode and electrolyte in the
cell, Cp. or CPE (constant phase element) is the capacitance of double layer in the
interface between electrode and electrolyte. In the cell, the electrodes have charged
electrons on surface and they are balanced with the oppositely charged ions in
electrolyte. © is also represented by R which is charge transfer resistance of Li*
ions through electrolyte determined by reaction rate. Lastly, Z,, is called as Wargburg
impedance which means the complex impedance coming from the diffusion of

electroactive species in the cell [24].

CoL
R Il
1 Il

Figure 4.6: An instance for the equivalent circuit of AC impedance system [24].
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5. RESULTS AND DISCUSSIONS

5.1 Preparation of Powders by Solution Precipitation

During the preparation of powders, raw materials are weighted on analytical balances
and dissolved in ethylene glycol. In this process, it is observed that ammonium
dihydrogen phosphate is dissolved in ethylene glycol very slowly at room
temperatures. To make dissolving of phosphate rate faster, water is added to ethylene
glycol solution resulting very fast dissolving. But some impurities occurred in the
further characterization of samples by XRD due to the oxidization of the materials in
the solution. For this reason, ethylene glycol was used as the only solvent to dissolve

raw materials.

After the solution of powders achieved, they are put into centrifuge for precipitation
by the help of acetone. Solutions are centrifuged in 4000 rpm by 30-40 minutes. In
this step it was seen that the faster centrifuge speed and longer time resulting better
precipitation of the powders. For better results, centrifuge was repeated several
times. Later the powders are dried in air furnace as-produced powders are obtained.
These powders are analyzed in TGA in order to determine optimum calcination
temperature for LiFePO,.
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Figure 5.1: Syhmetically representation of powder production.
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From the TGA results it is decided that the optimum calcination temperature will be
around 600 °C. For this reason powders are calcinated at 600 °C for 12 hours in tube
furnace with 5 °C/min heating rate on golden crucibles. Meanwhile, another pot has
active carbon and copper foil in order to prevent the oxidization of powders and
impurities under inert gas atmosphere (Ar). After the calcination powders are
characterized by XRD in order to see the crystal structure and particle sizes. From
the XRD results, the samples which have best pure structure and phases without any
impurities are covered with CCL. Finally covered CCL/LiFePO, nanocomposite
powders are characterized by XRD for structural, phase properties and particle sizes,
TGA for measuring the carbon amount, BET for surface properties, lastly analyzed

for conductivity and electrochemical measurements.

5.2 Preparation of Powders by Microemulsion

Achieving stable nanoparticles and improvement the efficiency of the particles with
reducing sizes as desired by controllable parameters are some of the advantages of
microemulsions. For this reason surfact and cosurfactant materials are used to
stabilize the system. In this study, in order to produce anequous microemulsion, the
components (ethylene glycol, decanol, toluene, SDS) are mixed to each other with
different weight ratios. Solubilization ratio of surfactant material (SDS) and other
parameters affecting the properties of homogenous solution are investigated by
adding the materials seperatedly. In accordance to the reference article, ethylene
glycol can be dissolved in decanol with % 33 wt. ratio, SDS dissolves in ethylene
glycol till % 5 wt. Also it is claimed that additional toluene helps with dissolving of
SDS in ethylene glycol however over a critical point of toluene/decanol ratio,
solubility of ethylene glycol in system decreases [147]. All of the results are
observed during the preparation of the microemulsions and the key points are noted

such as adding SDS and decanol results more homogenous and stable solutions.

According to the experimental results of producing a homogenous nonaqueous
microemulsion with different surfactant and cosurfactant ratios are mixed from 1-10
gr as shown in Table 5.1. Finally, homogenous stable microemulsion solution

achieved and used to produce nanoparticle powders.
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Table 5.1: Microemulsion experiments by different weight ratios of components.

Material Amount Stability
(min-max) gr
Ethylene Glycole 1 10 No
Cyclohexane 5 8 No
Triton x-100/n-hexanol No
(2:1) 2 8
Main components
Toluene 1 10 No
SDS 1 10 No
Ethylene Glycole 1 10 No
Decanol 1 10 No
Optimum homogenous solution
Toluene 5
SDS 0,5 YES
Ethylene Glycole 5
Decanol 8

After achieving the microemulsion solution with components, the precursor powders
(lithium acetate dihydrat, ammonium dihydrogen phosphate and iron (Il) sulfate
heptahydrate) are prepared to dissolve in microemulsions seperatedly. For preparing
1 gr of LiFePO,4 powders by microemulsion, ammonium dihydrogen phosphate is
dissolved in 50 ml ethylene glycol, lithium acetate dihydrat and iron(ll) sulfate
heptahydrate are dissolved 10 ml ethylene glycole (as other components are added by
the ratios of calculation of optimum microemulsion solution). However, it was
impossible to achieve homogenous microemulsion with precursor powders which
can be attributed to changing ions in the solution. It is predicted that the powder ratio
of precursors in microemulsions are relatively high to be dissolved. As a result,
powder ratios are decreased (from % 15 to % 1) and tried to be dissolved again. Even
then, it is observed particulates and phase separation in the solution that the
surfactant/cosurfactant ratios are not optimum to produce microemulsion. The ratios
of components changed and tried to achieve microemulsion with precursor powders
again and finally homogenous solutions are achieved and mixed under inert gas (Ar)
atmosphere in reactor as the same procedure mentioned before followed with

solution precipitation process.
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5.3 TGA Results

In order to determine the calcination temperature, precursor LiFePO, powders are
heated between 25-1000 °C with 10 °C/min rate. During the heat treatment QMS and
SDTA of the samples are also measured for the comparison of the weight loss from
sample. The TGA and QMS graphs are collected from the data and plot as shown in
Figure 5.2 and Figure 5.3.

It can be seen the TGA results of weight loss during heating of precursor LiFePO,
Figure 5.2 which illustrates the decomposition temperature is close to the phase
transformation of LiFePO,4. All organic substances show a weight loss around a
temperature range due to the decomposition and pyrolysis of material till 450-500
°C. In the same time of TGA measurement, quadruple mass spectrometer (QMS)
results are also collected as representing the as OH (17), H,O (18) and CO; (44)
respectively. Although there is a small amount of weight loss till 600 °C, it is

estimated for the pyrolysis of remaining organic materials.

In the TGA results of precursor powders the weight loss around % 30 from room
temperature till 170-180 °C (endothermic peak) is related to the release of physically
adsorbed moisture or water molecules. There is another endothermic peak from 170-
380 °C related to the weight loss around % 20-25 from decomposition and pyrolysis
of acetates and other organic compounds in the system. Around 380-420 °C the
exothermic peak can be attributed to the formation of Fe** from the oxidation of Fe*?
and resulting Fe,O3 during the heat treatment. In the temperature range of 450-480
°C, the exothermic peak represents the crystallization of LiFePOy4. These results are
also confirmed by the QMS results. Decomposition of all organic materials is
completed around 600 °C and there was no weight loss after this temperature. As a
result, it is reasonable to set calcination temperature and synthesize powders around
600-750 °C.
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Figure 5.2: TGA and QMS results of precursor LiFePO,4 powders.

For the nanocomposites of CCL/LiFePO, the TGA and QMS results (for 15
CCL/LiFePQ,) are shown in Figure 5.3. The mass loss between room temperature
and 250 °C is attributed to the evaporation of the water molecules and decomposition
of organic materials. Between 300 °C till 500 °C the endothermic weight loss is
resulted from the pyrolysis of pyromellitic acid (PMA) and poly-N-vinylformamide
(PNVF) and formation of conductive carbon layers as confirmed from the QMS
results determined as CO, species. Around 500 °C the exhothermic peak can be
resulted from the combustion of carbon or oxidation of Fe (Il) in the structure of

LiFePO;, as the reaction:

LiFePO, + (1/4) O, = (1/3) LisFeo(PO4)s + (1/6) Fe,05 (5.1)
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Figure 5.3: TGA and QMS results of 15 CCL/LiFePO,4 powders

Carbon amounts are calculated from the TGA graphs and shown in Table 5.2 which
proved that the CCL amounts of the nanocomposites are homogenously covered as
predicted ratios during covering process. The rest of the graphs of CCL/LiFePO,

nanocomposites are shown in the appendix.

Table 5.2: CCL amounts of powders as predicted and calculated from TGA results.

Sample Predicted CCL (%) Calculated CCL (%)
5 CCL/LiFePO4 5 2.5
10 CCL/LiFePO4 10 7.4
15 CCL/LiFePO4 15 14.5
20 CCL/LiFePO4 20 14.7
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5.4 XRD Results

Precursor LiFePO4 powders are calcined between 600-700 °C. Many experiments are
done to find the homogenous and best crystalline structure without any impurities.
Also trying with other temperatures, it was detected that the samples produced by
nonaquaeous solution precipitation that is calcined at 600 °C for 12 hours shows the

best crystalline structure and smaller particle sizes in the range of 30-40 nm.

Also the powders are produced by microemulsion technique and calcined at the same
temperature at 600 °C for 12 hours. However, there have been many impurities
observed in XRD results. For this reason, microemulsion is decided to be a time and
money consuming technique for producing homogenous and pure LiFePO,
nanoparticles. Further researches and experiments should be done to achieve better

results of preparation of fine LiFePO, particles with microemulsion technique.
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Figure 5.4: XRD results of the LiFePO,4 powders synthesized in different
temperatures.

However, other samples calcined at 600 °C and 700 °C have impurities detected due
to difference source of Fe (Il) powders possibly had oxidized Fe (Il) particles. The
powder produced with water addition has also impurities shown in XRD results,
which is calcined at 600 °C for 12 hours.
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As it can be seen in the XRD results, most of the impurities are caused by the
degradation of Fe (Il) to Fe (II1) particles and formation Fe,Os, Fes04 and LisPO,
phases according to Seung-Ah et al [152]. These impurities have lower
conductivities which result lower rate capable batteries, low conductivities and
shorter cycle life with lower capacities and also they cause the degradation of the

cathode material during the cycling.

The impurities in LiFePO, powders that are made by water assisted solutions
(calcined at 600 °C and 700 °C) which are around 26=44° are attributed to Fe,P
phases which has a good effect of improving conductivity of LiFePO,/C materials
due to its high electronic conductivity (1.5 S/cm). This impurity gives the material
better properties such as high reversible capacity and better rate capability [153].
The best powders are made by anhydrous solution precipitation that is calcined at

600 °C for 12 hours, and all further experiments will be done on these LiFePO,

samples.
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Figure 5.5: XRD result of LiFePO, powders.
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As shown in Figure 5.5 all the diffraction peaks obtained from LiFePO, powders that
are obtained from anhydrous solution precipitation, can be attributed as the
orthorhombic olivine phase with space group Pnmb, referred to the standard pattern
of JCPDS-83-2092 respectively. The XRD results indicate that the as-prepared
(dissolved in ethylene glycol only) LiFePO,4 powders at 600 °C for 12 hours are well-
crystallized with olivine-structure and there are no detectable impurity phases.
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Figure 5.6: Crystal structure and phases of CCL/LiFePO4 nanocomposites.

In order to compare the XRD result of nanocomposites with pure LiFePO,4 powders,
all of the plots are shown in Figure 5.6. In this figure, it can be easily seen that with
the additional CCL covering there is not any differences in crystal structure as

predicted and all peaks are represent the standard pattern of JCPDS-83-2092.

Table 5.3: Crystallite sizes of the pure LiFePO, and CCL/LiFePO4 nanocomposites.

Sample Crystal sizes (nm)
LiFePO, 35.5
5CCL/ LiFePO4 36.3
10 CCL/ LiFePO, 31.4
15 CCL/ LiFePO, 30.2
20 CCL/ LiFePO,4 34.5
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It can be seen from Table 5.3 as all the CCL/LiFePO, nanocomposite powders are
produced in the sizes range of 30-40 nm. For the Li-ion batteries, small particle
production is very important to improve the conductivity of cathode materials. When
the particle sizes are smaller, Li* ions have to diffuse shorter distances between
boundary and the center of crystalline grains resulting better conductivites [154].
Therefore nanosized CCL/LiFePO, composites promise better conductivities.

5.5 Raman Spectroscopy

Raman spectroscopy is another technique to investigate the chemical and physical
structures from characteristic patterns such as XRD. When the light beam (made by
photons) interacts with material, it can pass through directly, scattered or absorbed. If
the energy of photons are between the valance band and conduction band, that can be
absorbed by the molecule. This interaction is measured by the energy loss of
radiation from light beam. If the light interacts and scatter from material, it can be
observed by collecting the light beam at an angle (24). Radiation is characterized

from the interaction with material and shown in energy in terms of wavenumber ().

LiFePO, powders are analyzed by Raman Spectroscopy in order to see the
interaction with light beam. The Raman spectra of LiFePO,4 powders are shown in
Figure 5.7. In the spectrum, it can be observed small band around 430, 950 cm™ and
two broad lines at 1350, 1585 cm™ are corresponding peaks from orthorhombic
symmetry of LiFePO, [163].
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Figure 5.7: Raman spectra of LiFePO4 powders.
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In the Raman spectra, the small band at 950 cm™ is related to symmetric PO, stretch
vibration in the olivine LiFePO,. The broad line in 1350 cm™ is obtained from the
structure of disorder allowed zone edge modes of graphite which is called D
(disordered) line, the broad line in 1585 cm™ corresponds from optically allowed Eag
zone center mode of crystalline graphite which is called G (graphite) line of carbon.
The ratio of D/G intensities shows the bonding between disordered/graphite. The
high D/G ratio means low graphite but high disordered carbon amount, that results
low electronic conductivity. For this reason, it is important to achieve lower D/G

ratios to improve conductivity and better electrode performances [164].

Although, it is not common to observe D and G bonds in pristine LiFePO,4 powders,
it can be attributed to residual carbon from the decomposition of acetates as will be
seen in EDAX analysis. However, the ratio of D/G is lower than 1, which means that
material contains crystal graphite more than disordered disordered carbon. As a
result, LiFePO, powders are expected to show better conductivity results.

Additionally, some peaks are observed in Raman spectrum at low wave numbers
around 450 cm™ can be referred to FesC particles comparing with the reports before.
This material is probably produced during the thermal decomposition of products,
and the diffusion of carbon through nanoparticles. Due to its metallic structure, the

presence of FesC particles may influence and improve electronic conductivity [165].

Furthermore, exposing Raman laser beam onto the surface of LiFePO, olivine

cathode materials leading decomposition of structure according to equation [166]:
12LiFeP0, + 30, — 4Li3Fe,(P0,); + 2Fe,04 (5.2)

Additional of decomposition of LiFePO,4 powders, also carbon gasification occurs in
the structure and leading changes in G and D bands of carbon. The more laser power
applied on material, the more decomposition continues even without any oxygen
atmosphere. The oxygen will be relased from the decomposition of PO, molecules in
structure of LiFePO, [166].

As a result, the power of the Raman laser beam may resulted the decomposition of
our LiFePO, powders and lead to the D and G bands which is referred to carbon, also

Fe;C/Fe,O3 particles are occured which are not seen in the XRD results.
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5.6 SEM Results

Morphological and surface properties of LiFePO, powders are observed by SEM. In
Figure 5.8 and 5.9, it can be seen that as prepared particles are almost similar sized
around 50-100 nm individually, however after calcination particles are agglomerated

to each other and resulted irregular shaped larger particles.

The particle sizes are higher than calculated from XRD results due to
agglomerations. However, size differences causes to porous network surface

resulting high surface area.

mag O vacMode | sp

Figure 5.9: SEM image of LiFePO, powders (100 kX).
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The smaller and homogenous particle sizes of LiFePO, are very important to

decrease lithium-ion diffusion distance and improve electrochemical behaviour. Due

to its surface properties, LiFePO, powders are expected to have good cycle

performances.
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Figure 5.10: EDAX analysis of LiFePO, powders.
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Elemental analysis of LiFePO, powders are shown as Figure 5.10. However the

device parameters are not able to show Li metal amount. We can see that our

powders contain wt. % 9.42 C element which is a proof of some of residual particles.

Although that is something looks like impurity, when we compare with Raman

results we can see that the carbon particles are observed as the graphite form of the

carbon. So it can be considered as the carbon coated LiFePO,4 powders naturally, that

many researchers trying to do. As a consequent, powders will be used as the form

with C residuals and expected to have higher conductive and better cycle properties.

Table 5.4: Elemental analysis of elements from powders.

Element % Wi. % At.
C 09.42 22.52
@) 16.80 30.14
P 22.79 21.12
Fe 50.99 26.21
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5.7 BET Results

In order to measure specific surface area, average pore sizes of the LiFePO, and
CCL/LiFePO4 samples are analyzed under N, adsorption/desorption with BET
(Brunauer-Emmett-Teller) technique. According to these results, isotherms of
samples are presented as Figure 5.11 and Figure 5.12 which corresponds to IV type
isotherm with a H3 hysteresis loop. That loops indicate a porous surface
characteristics referring plate shaped particles having slit like pores [155]. Pore sizes

and distributions are calculated by Barret-Joyner—Halenda (BJH) model.
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Figure 5.11: BET graph of precursor LiFePO, powders after calcination.

The specific surface area of the LiFePO, sample is 22.2 m?/g, and the average pore
diameter is 21.5 nm and pore volume is 0.11 cm®/g respectively. Moreover, it can be
seen from the results that the pore sizes range from 7 to 20 nm, indicating the

mesoporosity of LiFePO, particles according to IUPAC [156].
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Figure 5.12: BET graph of 15 CCL/ LiFePO, powders after pyrolysis.

However, average particle sizes of LiFePO, powders are calculated around 75.0 nm

that are larger than the ones from XRD results (30-40 nm) which can be attributed to

agglomeration of particles as it can be seen from SEM results.

Table 5.5: Surface areas and pore diameters of LiFePO, samples.

Volume of Average pore Average
Surface Area
Sample pores diameter Particle Sizes
(m*/g)
(cm?/g) A) (nm)
LiFePO4 22.2 0.1165 215.1 75.0
5 CCL/LiFePO4 27.9 0.1007 151.5
10 CCL/LiFePO4 36.6 0.0720 77.0
15 CCL/LiFePO4 58.2 0.0679 71.6
20 CCL/LiFePO4 59.2 0.0785 100.3

The specific surface areas are increasing with the CCL amount, as it can be seen

from Table 5.5. Sample 20 CCL/LiFePO4 exhibits the highest specific surface area of

59.2 m?/g which is nearly 3 times greater than bare LiFePO,. This can be mainly

attributed the small particle sizes and porous network structure on surface which can
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provide shorter distance between the boundary and center of crystalline grains for Li*
diffusion. These porous surfaces also have the advantages of reduced resistance of
Li* insertion/extraction due to multi dimension channels resulting better

electrochemical properties during the cycle [157].

5.8 Conductivity Results

Electrical conductivities of the nanocomposite CCL/LiFePO, and CB/LiFePQO,
samples are measured between (-20 °C) and (+40 °C) and plots are shown as Figure
5.13 and Figure 5.14. The conductivities of CCL/LiFePO, composites are much
higher than bare LiFePO, (10° S/cm) [158] and getting higher with increasing CCL

amount.
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Figure 5.13: Conductivity plots of CCL/LiFePO,4 powders.

It can be seen from the plots that 20 CCL/LiFePQO4 has lower conductivity than 15
CCL/LiFePQO,4 Once the particle surfaces covered with optimum CCL amount
homogenously and reached the limit, they are not capable to accept CCL anymore.
Excess amount of CCLs are possibly agglomerate on the surface, making the cover

layers thicker and less porous surface.
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Figure 5.14: Conductivity plots of CB/LiFePO,4 powders.

The pathway for the transportation from boundary to center of crystals becomes

longer which resulting lower conductivity results [154].

Table 5.6: Conductivity results of CCL/LiFePO, and CB/LiFePO4 samples.

sample Conduzti(vsiz n(l-;- 25°0)

5 CB/LiFePO, 1.38*107

10 CB/LiFePO, 2.22*10"

15 CB/LiFePO, 5.64*10"

20 CB/LiFePO, 8.57*10"

5 CCL/LiFePO, 1.58*10°°
10 CCL/LiFePO, 2.02*10°
15 CCL/LiFePO, 6.40*10°
20 CCL/LiFePO, 4.29*10°
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From the conductivity results from Table 5.6, high electrical conductivities of
CCL/LiFePQ, are achieved in room temperature comparing with bare LiFePO..
When the datas are compared, CB/LiFePO, powders show much higher conductivity
results than CCL/LiFePO,4, Nano sized particles and highly porous surface areas of

CCL/LiFePQ, are promising electrochemical properties for Li-ion cathode materials.

In order to calculate the activation energies (E;) of the samples, Arrhenius equation is
used from the conductivity versus temperature (In 6-1000/T) graphs as shown in
Figure 5.15 and Figure 5.16. From the the slope of these graphs, it is easy to determie
the activation energy. For this reason, data from the cooling of samples during
conductivity measurements are used for calculation and activation energies for

samples are shown in Table 5.7.
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Figure 5.15: Conductivity plots (In 5-1000/T) of CB/LiFePO, samples.

The activation energy of conductivity is directly affected by temperature difference

which is the minimum potential energy barrier to achieve mobility for ions [159].
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Figure 5.16: Conductivity plots (In -1000/T) of CCL/LiFePO, samples.

As it can be seen from the plots, the conductivity of materials increase with
temperature referred as Arrhenius law. The high increasing of conductivity between
300-310 °K is related to heat absorption of samples hence electrons move from
valance band to the conduction band resulting higher conductivities comparing to

lower temperatures [160].

Table 5.7: Activation energies of CB/LiFePO, and CCL/LiFePO4 samples.

sample Activation Energy
Ea (eV)

5 CB/LiFePO, 8.53*10°

10 CB/LiFePO, 3.70%10°

15 CB/LiFePO, 5.34*10°°

20 CB/LiFePO, 4.32*10™

5 CCL/LiFePQ, 7.37*10%
10 CCL/LiFePO, 1.17*10"
15 CCL/LiFePO, 9.96*102
20 CCL/LiFePO, 9.49*10%
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From the results which are shown in Table 5.7, the activation energies for
CB/LiFePO, samples are between 4.32*10" eV and 8.53*10° eV for the
CCL/LiFePO, samples it ranges between 9.96*102 eV and 1.17*10™ eV. These
results show us that our CCL/LiFePO, nanocomposite materials have smaller
activation energies which is easier for electron mobility resulting better
conductivities comparing to the pure LiFePO, that having 10° S/cm conductivity at
room temperature with 0.65 eV activation energy [161, 162].

5.9 Electrochemical Results

5.9.1 Cyclic Voltammogram

The assembled batteries are cycled galvanostatically using a potentiostat (Parstat)
between a potential range of 2.5 V and 4.5 V (vs. Li/Li") for cyclic voltammogram
analysis at a scan rate of 1 mV/s and 5 mV/s. Within these tests, it is observed the

rate capability and cycle performances of the cells.

The cyclic voltammogram of CB/LiFePO, is shown as the Figure 5.17 and Figure
5.18 are obtained from the mixture of active material (LiFePO,), carbon additive
(acetylene black) and binder (PVDF) in the ratio of % wt. 75:15:10 and 80:10:10
respectively.
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Figure 5.17: CV polts of CB/LiFePO, (% wt. 15:75) powders (vs Li*/Li).
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In the cyclic voltammetry graphs for both samples (15 CB/LiFePO, and 10
CBJ/LiFePO,) exhibit one anodic (charge) and one cathodic (discharge) peak. These
peaks are attributed to the redox reactions of Fe*?/Fe*® during the lithium
intercalation/deinterecalation. The anodic peak around 3.7 V is corresponded to
oxidation of Fe*? to Fe*® and extraction (removal) of Li* ions from crystal structure
of LiFePO, cathode material during charging. Reversibly, the cathodic peak around
3.0 V is attributed from the reduction of Fe** to Fe*? and insertion of Li" ions to the
structure of LiFePO, cathode during the discharge.
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Figure 5.18: CV polts of CB/LiFePO, (% wt. 10:80) powders (vs Li*/Li).

The intensity and shape of the peaks in CV measurements change by the type and
amount of the carbon additives. Carbon coated LiFePO, cathode electrodes show
higher peaks than bare LiFePO,4 as mentioned in published articles lately [169, 170].

Carbon additive effect is also proved in CV plots of 15 CB/ LiFePO, and 10 CB/
LiFePO, powders.

The separation between redox peaks (AV) of 15 CB/ LiFePO, is 0.57 V for the 1
mV/s scan rate and increased to 0.93 V for the 5 mV/s scan rate. The big separation

between redox reaction peaks indicates that the electrochemical behavior is
controlled by the diffusion step.
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The intensities and separation between the anodic and cathodic peaks are increased
with the increasing scan rate as also mentinoed in literature before [170].

The peak intensities are shown in Table 5.8. The anodic peak intensity of 15 CB/
LiFePO, is observed as 9.151 mA for 1 mV/s scan rate, however the anodic peak
intensity for the same sample is increased to 17.855 mA for the 5 mV/s scan rate.
Also the anodic peak for 15 CB/ LiFePO, appears at 3.73 V for the 1 mV/s scan rate,
but the same anodic peak is shifted to 3.86 V for the 5 mV/s scan rate.

Table 5.8: Redox peak intensities of 10CB/LiFePO, and 15CB/LiFePO,.

Anodic peak intensity (I,)- Cathodic Peak intensity (Ip)-
mA mA
Rate 1 mV/s 5 mV/s 1 mV/s 5mV/s
10 CB/LiFePO, 8.003 14.296 7.712 15.773
15 CB/LiFePO, 9.151 17.855 8.221 19.208

Due to results, 15 CB/ LiFePO,4 shows higher peaks than 10 CB/LiFePO, that
indicate Li" ions and electrons are contributed to oxidation/reduction reactions due to
carbon additive. The CV plots are almost the same after 3 cycles which indicates that
the kinetic reactions for both samples are very good reversible. As a conclusion, due
to high conductivity depending on carbon additive, 15 CB/ LiFePO, exhibit better
cyclability and higher than 10 CB/LiFePO, even at great scan rates (5 mV/s).

5.9.2 Electrochemical Impedance Spectroscopy

To understand the effect of different carbon additive intensively, electrochemical
impedance spectroscopy (EIS) measurements are carried out with CR-2032 coin cells
using potentiostat (Parstat 2263). During the analysis, AC voltage is applied to cells
of frequency ranges between 10 mHz and 100 kHz at a scan rate of 5 mV at room
temperature. All samples are cycled galvanostatically for five times before EIS
measurements in order to be sure of electrode is permeated by electrolyte and have
the stable SEI film formation. Measurements are done when the cells are fully
lithiated (discharge) state and having 3.429 V for 15 CB/ LiFePO, and 3.436 V for
10 CB/ LiFePO,respectively.
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The Nyquist plots of EIS measurements of both samples show a straight line at low
frequency regions, a semi-circle in the middle frequency ranges and finally intercepts
at high frequency ranges. In the high frequency, sometimes another semicircle occur
due to the migration of Li" ions at electrode and electrolyte interface through solid

electrolyte interphase (SEI) film formed during the first few charge/discharge cycles.
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Figure 5.19: EIS analysis of CB/LiFePO,4 powders (15:75).

The electrochemical impedance analysis of CB/LiFePOy is shown as the Figure 5.19
and Figure 5.20 are obtained from the mixture of active material (LiFePQ,), carbon
additive (acetylene black) and binder (PVDF) in the ratios of % wt. 75:15:10 and
80:10:10 respectively.

When compared the plots of samples for the cells assembled with %wt. 10 and 15
carbon black (CB) additives, it is observed that the semicircle of 15 CB/ LiFePOy, is
smaller than the one for 10 CB/ LiFePO,. That shows the decrease of charge transfer
resistance with increase of additive CB amount due to increased conductivity.
Charge transfer resistances are calculated around 20 Q and 30 Q for the 15 CB/
LiFePO, and 10 CB/ LiFePO, respectively. The small semicircle (Rc) represents the
improved electrochemical performance of the electrode. Due to higher conducitivity
of 15/ LiFePO, powders, it is expected to show high rate capability during cycle as
also proved by CV results.
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Figure 5.20: EIS analysis of CB/LiFePO,4 powders (10:80).

These EIS plots are fitted by the equivalent circuit model of Randles by the ZSimp
Win software as shown in the insert of Figure 5.19 and Figure 5.20. In this circuit
model, Re is the ohmic resistance of electrolyte which corresponds the interception in
the high frequency region. Also, Rsg is the resistance and Csg is the capacitance of
the solid electrolyte interphase layer formed on surface of electrode in the high
frequency region. The semicircle at medium frequency is related to the charge
transfer resistance (R.) of particles between electrode/electrolyte interface and
double layer capacitance (Cq) between electrode/electrolyte during the
electrochemical reaction.The sloping line in the low frequency range is attributed to
Li* ions diffusion in bulk electrode material (LiFePO4) which is also called as

Wargburg (Z,,) diffusion impedance.
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Figure 5.21: The equivalent circuit model of Randles.
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The ohmic resistances (Re) of the samples are almost same in the high frequency
range due to the same preparation route of adding conductive carbon black and using
same type of electrolyte. Both samples show better EIS results than LiFePO,4 samples
comparing literature reviews [168, 169], which is a proof of improved electrical
conductivity on particle surface and higher Li* ion diffusion rate from electrolyte.
These improved results are attributed the small particle sizes and high surface area of
our LiFePO,4 powders, which also enhances the short diffusion path way for Li* ion
diffusion. As a conclusion, small particle sized powders exhibit reduced resistances
during the cycling and they are expected to achieve higher capacity, fast
charge/discharge capability rates and better electrochemical properties.

Table 5.9: Equivalent circuit fitting datas for EIS plots of LiFePO,.

10 CB/LiFePO, 15 CB/LiFePO,

Re (Q/cm?) 3.598 3.037
Rser (/em?) 24.33 15.67
Cser (Ss"/em?)x10™ 1.023 1.699
n 0.71 0.65

Rt (QV/em?) 47.462 29.563
Cou (Ss"/cm?)x10™ 439 468
n 0.52 0.54

Zw (Ss¥2/cm?) 0.1815 0.1882
Chi-square (x10™) 1.68 1.32

The EIS datas are fitted by the equivalent circuit model of Randles as shown in
Figure 5.21 and the values of resistance and capacitances of system is calculated and
written as Table 5.9. During the fitting process, Chi-squared values are tried to be as
low as possible between 10 and 107 ranges to have better fitting results. In the table
we can also see the “n” values that is coming from the reaction rates on surface and
influencing the capacity of SEI and double layer exponentionally. If the value of n=0
means the material is a very conductive material without any resistance, if n=1
means that the material is totally capacitive. As a result, with the increasing value of
“n” between 0<n<l the resistance increases and the semicircle gets larger. It is
proved that the value of “n” is smaller for 15 CB/LiFePO, due to its higher

conductivity it showed a smaller semi-circle in EIS plots than 10 CB/LiFePQs,.
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It can be seen that the charge transfer resistances are almost 30 Q/cm?® for 15
CBJ/LiFePO, and 50 Q/cm? for 10 CB/LiFePO, which are much lower than the ones
in literature [169].

The electrolyte and electrode resistance (Re) is almost the same for both 15
CB/LiFePO, and 10 CB/LiFePO, samples around 3.0-3.5 Q/cm?. It is also observed
that the charge transfer resistance (R.) and electrode/electrolyte interphase layer
(SEI) resistance (Rsg) are lower for 15 CB/LiFePO, due to its high conductivity.
Total resistance of impedance from 10 CB/LiFePO,4 sample is 2 times larger than 15
CBJ/LiFePO, sample which is a proof of improving conductivity with CB additive
results better conductivity that is expected to show better electrochemical

performances.

The resistance for solid electrolyte interphase (Rsg) is also smaller than charge
transfer resistance (R.;) for both samples indicate that electrochemical performance

of the cells are mainly influenced by charge transfer resistance.
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6. CONCLUSIONS AND RECOMMENDATIONS

Anhydrous solution precipitation technique is a convenient and simple technique to
produce nano LiFePO, particles. Dissolving of raw powders without water based
solvents (ethylene glycol) resulted homogenous and pure powders and no impurities
can be detected. During the producing solutions and calcination of LiFePO,4 powders,
system should be under controlled atmosphere (Ar) in order to prevent impurities due

to oxidation and degradation of powders.

Microemulsion technique is challenging to understand and control the forces due to
changing ion concentrations of raw powders in the solution. Also, larger particles
and impurities occurred in the structure during analysis. For this reason, it is decided
to be money and time consuming technique to produce homogenous nano particles.
For using microemulsion technique of producing LiFePO, nano powders, many
researches should be done and understand to controlling parameters for further

applications.

From TGA results, it is seen that decomposition of all components are completed
around 550-600 °C and no weight loss can be seen after 600 °C. For this reason, it is
reasonable to set the optimum calcination temperature to 600 °C. All the TGA results
and weight loss of materials are confirmed by QMS results. Also, it is proved that the

CCL covered the surface of particles homogenously and as predicted amounts.

Homogenous and pure nano LiFePO, precursor powders are achieved by solution
precipitation technique without any detectable impurities. All of the diffraction peaks
are related to orthorhombic olivine crystal structure of LiFePO, as reference patterns
JCPDS-83-2092. It is observed that from the XRD results of the powders produced
using water based solutions and microemulsion, many impurities are caused by the
oxidation and degradation of Fe (II) to Fe (Ill) particles and forming other phases
such as Fe,O3;, Fe3O, and LisPO4. These impurities lower the electronic
conductivities of materials for batteries which can lead low rate capability and lower

lifetime with low capacities. For the CCL covered particles, it is seen that additive
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CCL layers don’t have any influence on crystal structure or particle sizes as
predicted. All of the particle sizes of the samples are calculated between 30-40 nm.
Small particle sizes improve conductivity and cycling performances of cathode
materials due to shorter diffuse distances for Li* ions. As a result, the powders are

promising for better conductivity and electrochemical performances.

Precursor LiFePO, powders are covered with conductive carbon layers (CCL) with
different amounts (% 5-20) succesfully. Carbon amounts are calculated from TGA
plots and proved of the same ratios as predicted which shows that powders are
covered homogenously. However, 20 CCL/LiFePO, doesn’t show a cover as
predicted, that can be related to the agglomeration of excess CCLs over the optimum
limit.

It is seen from EDAX results that LiFePO,4 powders contain almost % wt. 10 C due
to residual particles from the calcination. These C atoms resulted as FesC particles in
the Raman spectroscopy wavelength at 450 cm™. Also, the carbon atoms are
observed as crystal graphite form in Raman wavelength at 1600 cm™. As a result,
LiFePO,4 powders are expected to show high conductivity and better electrochemical

properties due to the metallic structure of FesC and crystal graphite.

Surface areas and porosities are measured under nitrogen atmosphere by Brunauer-
Emmett-Teller (N,-BET) technique and pore sizes are calculated by Barret-Joyner—
Halenda (BJH) model. From these results, CCL/LiFePO, nanoparticles represent 1V
type isotherms with H3 hysteresis loops related to porous surfaces and plate shaped
particles. Surface areas are between 20-60 m%/g and increasing by CCL amount, and

pore sizes are around 5-20 nm which is mesoporous surface according to IUPAC.

Porous surface provides shorter diffusion distance and multi dimension channels
resulting better electrochemical properties. Despite, average particle sizes are larger
(75.0 nm) than BET results than the particle sizes calculated from XRD results (30-
40 nm) that can be resulted from agglomeration of particles. Also it can be seen that
the sample 20 CCL/LiFePO4 has a very high specific surface area (59.2 m?/g) that

indicates of porous network structure of the surface. These porous surfaces can
contribute  multi dimensional channels for Li* trasportation resulting better

electrochemical properties.
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The powders are obtained around 50-100 nm separated, however the particles are
agglomerated and achieved larger particles during heat treatment as it can be seen
from SEM results. The size difference between the particles shows the high surface
areas due to porous structure result the decrease of distance for lithium-ion diffusion

which improves the electrochemical behavior of LiFePO..

Electrical conductivities of CCL/LiFePO,4 powders are measured between (-20 °C)
and (+40 °C) that they show much higher conductivities (107 to 10 S/cm) than pure
LiFePO, powders (10° S/cm) and increased with CCL amount. However 20
CCL/LiFePO, shows lower conductivity at room temperature (8.57*10™ S/cm) than
15 CCL/LiFePO, (5.64*10* S/cm) due to the agglomeration of excess CCL covered
on surface. These agglomerations resulting the thicker and less pores on the surface
which preventing the transportation of ions and resulting lower conductivities. The
powders with CB added show much higher conductivity than the CCL covered

particles.

Moreover, conductivities of samples are increasing with temperature due to lower
activation energies as reffered by Arrhenius law. Activation energies of
CCL/LiFePQ, are also calculated from conductivity plots and shown lower values
(9.96*107 eV and 1.17*10 eV) than bare LiFePO, (0.65 eV) which means easier

electron mobility and better electronic conductivities.

The cycling performance of LiFePO, cathode powders are analyzed from CV
experiments. The oxidation/reduction reactions of Fe*?/Fe** are observed around 3.7
V and 3.0 V during the charging and recharging reversibly. The peak intensities are
directly affected from C additives and gets higher with increasing C amount. The
peak intensities and separation between anodic/cathodic peaks are influenced from
the scan rate of CV analysis and getting higher and more separated with increasing
scan rates. As a conclusion, due to the higher conductivity of 15 CB/ LiFePO, more
than 10 CB/LiFePO, powders, it showed better cycle performance and high rate
capability.
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The impedance and resistance values for 15 CB/LiFePO, are much lower than 10
CBJ/LiFePO, due to its higher conductive structure. Both samples show better EIS
performances compared to literature results which is attributed to low particle sizes
and high surface areas enhancing short path way for Li* ion diffusion. As a
conclusion, powders are expected to show high rate capabilities and better
electrochemical performances during cycling.

As a result, pure and homogenous LiFePO, powders are prepared by solution
precipitation technique and covered with CCL in order to achieve better conductivity
successfully. For further applications, doping the powders with other metal ions and
improving other electrochemical properties can be investigated for new generation
alternative cathode materials.
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APPENDICES

APPENDIX A: TGA Plots of CCL/LiFePO,samples
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Figure A.1: TGA and QMS results of 5 CCL/LiFePO,4 powders.
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Figure A.2: TGA and QMS results of 10 CCL/LiFePO4 powders.
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Figure A.3: TGA and QMS results of 20 CCL/LiFePO,4 powders.
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APPENDIX B: BET Plots of CCL/ LiFePO,samples
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Figure B.1: BET graph of 5 CCL/ LiFePO,4 powders after pyrolysis.
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Figure B.2: BET graph of 10 CCL/ LiFePO, powders after pyrolysis.
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Figure B.3: BET graph of 20 CCL/ LiFePO,4 powders after pyrolysis.
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