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SUMMARY

CHEMICAL DEINTERCALATION AND STABILITY INVESTIGATION OF
NANOSIZED C/Li,MnSiO, CATHODE MATERIAL WITH DIFFERENT
ELECTROLYTES

Rechargeable lithium ion (Li-ion) batteries are commercially used for portable
electronics and light electrical devices since 1991. Despite of the wide variety of
applications, most commonly used Li-ion batteries have important problems related
to their safety, environmental impact and high cost of materials. Thus, a research
interest in production of alternative cathode materials have arisen, where dilithium
orthosilicates (Li,MSiO,4, M = Co, Ni, Mn, Fe) are mostly preferred for being safe,
environmentally friendly, cheaper and thermally and chemically stable. Besides
these, Li,MSiO, have a very important advantage of theoretical possibility for
reversible exchange of up to two lithium ions per formula unit that leads to high
capacities up to 333 mAh/g.

In this study, Li,MnSiO, nanoparticles were synthesized via sol-gel Pechini type
synthesis and coated with different amounts of conductive carbon layer (10, 15, 20,
25 and 30 wt.%) by water mediated impregnation process to improve the electrical
conductivity. Afterwards, R2032 coin-cell type batteries were assembled by using
C/Li,MnSiO, nanocomposites as cathode material and 9 different electrolytes.
Besides these, pristine Li,MnSiO, materials were tried to be chemically delithated
by using different oxidizing agents in order to observe if delithiation of both lithium
atoms is possible.

XRD was used to observe structure of the synthesized and modified samples while
TGA was used to determine the actual carbon content in composite materials. XPS
was used to determine oxidation state of Mn in both chemically and
electrochemically delithated samples. DSC was used to examine the reactivity of
pristine sample with electrolyte solutions and EC measurements were done to
compare the effect of carbon coating loading on conductivity of the cathode
materials. Finally, galvanostatic charge-discharge tests were performed to observe
electrochemical performance and practical capacities of prepared materials.

It was observed from the XRD results that, nanosized Li,MnSiO, particles are
successfully synthesized and the structure of the material was maintained after water
mediated impregnation processes. TGA measurements showed that the water
mediated impregnation process is accurate to coat Li,MnSiO, with the desired
amount of carbon.

Studies proved that applied technique was successful for the synthesis of pristine
Li,MnSiO, nanoparticles having Pmn2; configuration in the range of 35 — 50 nm. It
is also seen that amount of carbon loading could be precisely controlled during
synthesis of C/Li,MnSiO, nanocomposites using water impregnation process.
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According to the conductivity measurements, electrical conductivity of the
C/Li,MnSiO, nanopowders could be increased by optimizing, in this case increasing,
the carbon loading in the composites. It is seen that formation reaction of a
passivation layer affects the measured cell capacity during the first cycle of
galvanostatic charge-discharge tests. Thus, capacity values measured for the second
charge-discharge cycles are used to compare the battery capacities. Even though
highest stability (least reactivity) is observed for LICIO4TMS:EMC) between the
studied electrolyte solutions; highest battery capacity, based on the charge discharge
tests, is observed for the organic electrolytes containing LiPFe salts. The highest
battery capacity observed throughout the study was 177.0 mAh/g, for the second
charge-discharge cycle, and it was measured for the battery prepared using
C/Li,MnSiO, nanocomposite containing 30 wt.% of carbon and 1M LiPFg4 in
EC:DMC electrolyte solution. XPS analyses of the C/Li,MnSiO, nanocomposite,
taken out of the same type of battery after charging process, showed that complete
delithiation of the cathode materials could be done electrochemically. Neither of the
applied chemical delithiation techniques were successful for complete delithiation of
the pristine samples, among which only 3 of them could chemically delithiated
pristine Li,MnSiO, nanoparticles.
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OZET

C/Li2MnSiOs KATOT MALZEMESININ KIMYASAL
DEINTERKALASYONU VE FARKLI ELEKTROLITLER iLE
KARARLILIGININ iNCELENMESI

Taginabilir elektronik esyalar ve hafif elektrikli cihazlarda kullanilan sarj edilebilir
lityum iyon (Li-iyon) pilleri 1991 yilindan beri ticari olarak tiretilmekte ve yaygin bir
sekilde kullanilmaktadir. Cok ¢esitli uygulama alanlarina sahip olmalarina ragmen;
lityum iyon pillerinin kullaniminda gilivenlik, ¢evreye olan etkileri ve kullanilan
malzemelerin yiiksek fiyatli olmasi gibi 6nemli sorunlar s6z konusudur. Bu sebeple
alternatif elektrot malzemelerinin {iretimi pek ¢ok arastirmacinin ilgisini ¢eken bir
konu haline gelmistir. Glinlimiizde yaygin olarak mono-lityum elektrot malzemeleri
kullanilsa da, alternatif katot ve anot malzemelerinin iiretiminde 6zellikle di-lityum
ortosilikat (Li,MSiO,, M = Co, Ni, Mn, Fe) temelli malzemeler gelecek
vadetmektedir. Di-lityum ortosilikatlarin tercih edilmelerinin baslica nedenleri daha
giivenli, cevre dostu, kullanilan diger elektrot malzemelerinin coguna gére daha ucuz
ve hem termal hem de kimyasal olarak daha kararli olmalaridir. Bu &zelliklerinin
yani sira di-lityum ortosilikatlarin ¢ok 6nemli bir avantaji da, teorik olarak, di-lityum
ortosilikatlarlarin birim yapilarindaki her iki lityum atomunun da geri doniisebilir bir
sekilde reaksiyona katilabilme olasiligidir. Di-lityum ortosilikatlarlarin = birim
yapilarindaki iki lityum atomunun da geri doniisebilir bir sekilde reaksiyona
katilabilme olasiliginin getirdigi avantaj ise, teoride, bu malzemelerin kullanildig
pillerin kapasitelerinin 333 mAh/g’a kadar ¢ikabilme potansiyeli oldugunu
gostermesidir.

Sol-gel yontemi; ‘jel’ (gel) adi verilen, ayrik pargaciklarin veya agli polimerlerin
(polymer networks) olusturdugu, entegre agin olusumu i¢in prekursér gérevi gdormek
amaciyla monomerlerin ‘sol’ adi verilen kolloidal ¢ozeltilere doniismesi siirecidir ve
bu ¢alismada, Li,MnSiO, nanopargaciklart Pechini tipi sol-gel yontemiyle
sentezlenmistir. Prekursor sentezi i¢in baslangi¢ bilesenleri olarak lityum asetat
dehidrat, mangan asetat tetrahidrat, etilen glikol, sitrik asit, etanol ve tetraetoksisilan
kullanilmigtir. Baslangic bilesenlerinin molariteleri, uygun sitokiyometrik orani
saglamak amaciyla, 1:1:18:6:4:16 - Mn:Si:C;HgO,:CsHgO7:C2HsOH:H2O olarak
belirlenmistir. Tek fazli bir iirlin elde edilebilmesi i¢in lityum asetatin, belirlenen
sitokiyometrik orana gore, kiitlece (wt.%) 20% fazlas1 reaksiyona sokulmustur.
Baglangic bilesenlerinin bir gaz reaktdrii i¢inde ¢dziinme siireci boyunca ortamda
sabit bir argon akis1 (akis hizi: 5,7 I/saat) saglanmistir. Oncelikle metal asetatlarin
tamamen ¢oOziinebilmesi i¢in ¢oziicii (su) 35°C’ye 1sitilmis daha sonra da elde edilen
karisim 60°C’ye 1sitilip etilen glikol, tetraetil ortosilikat (TEOS) ve birka¢ damla
konsantre hidroklorik asit eklenerek metal sitratlarin polimerizasyonu baslatilmistir.
Reaksiyon 24 saat boyunca kapali bir reaktorde stirdiiriildiikten sonra elde edilen jel,
oncelikle 60°C sicaklikta kapali bir reaktdrde argon atmosferi altinda 3 giin boyunca
bekletilmis daha sonra da yine 60°C sicaklikta bir etiivde 3 gilin boyunca
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dinlendirilmistir. Elde edilen prekursor jel, argon atmosferinde, altin bir kroze i¢inde
12 saat boyunca kalsine edilerek prekursoriin organik matrisi termal olarak
ayristirtlmigtir (decomposition). Kalsinasyon iglemi boyunca argon akisi sabit (akis
hizi: 30 ml/dakika) tutulmus ve firin i¢i sicakligr 800°C’ye ulastiktan sonra (1sinma
hizi: 5°C/dakika) on iki saatlik siire baglatilmistir. Kalsinasyon isleminden sonra,
ortamdaki dekompoze olmus organik matrisin giderilmesi icin, elde edilen malzeme
ball milling islemi ile 6gitiiliip toz haline getirildikten sonra yine altin bir kroze
icinde ve sabit hava akis1 (akis hizi: 150 ml/dakika) altinda 800°C’de 6 saat boyunca
bekletilmistir. lkinci asamaya benzer olarak 1smma hizi 5°C/dakika olarak
ayarlanmis ve alti saatlik reaksiyon siiresi firin 600°C’ye ulastiktan sonra
baslatilmistir. Firindaki hava akisi sebebiyle {i¢iincii asama sonrasinda elde edilen
Li,MnSiO, nanopargaciklart kismi olarak okside oldugundan, saf Li,MnSiO,
nanoparcaciklarinin elde edilebilmesi i¢in, okside olmus dig kabuk bir indirgeme
reaksiyonu ile giderilmistir. Saf Li,MnSiO, nanopargaciklarinin elde edilebilmesi
icin uygulanan son asama olan bu dordiincii asamada, kismen okside olmus
Li,MnSiO, nanopargaciklari 6giitiiliip toz haline getirildikten sonra ince kuvars bir
borunun ortasina kuvars fiberler kullanilarak sabitlenmis ve argon atmosferi altinda
600°C’ye 1sitilmistir (1sinma hizi: 10°C/dakika). Bu siirecte ve firn 600°C’ye
ulastiktan sonraki 1 saatlik reaksiyon siiresi boyunca firin iginde sabit bir hizda
hidrojen ve argon akist (Hz:Ar = 1:9, akis hiz1: 50ml/dakika.) saglanmistir.

Calismada, saf Li,MnSiO, nanopargaciklarinin yani sira, farkli oranlarda iletken
karbon tabakasi ile kapli C/Li,MnSiO, nanokompozitler de sentezlenmistir.
C/Li,MnSiO, nanokompozitlerinin sentezlenmesinde, pilin sarj ve desarj
asamalarinda pil kapasitesinin azalmasimna sebep olan hacim bozunumu (volume
distortion) gibi etkenlerin eliminasyonu ve Kkatot malzemesinin elektriksel
iletkenliginin  artirllmast  hedeflenmistir. Bu islem i¢in, saf Li,MnSiO,
nanoparcaciklarinin sentezinde izlenen yol {iglincii asamanin sonuna kadar aynen
tekrarlanmigtir. Saf Li,MnSiO, nanopargacik sentezinden farkli olarak, tgiincii
asamadan sonra elde edilen kismen oksitlenmis Li,MnSiO, nanopargaciklari
indirgeme reaksiyonuna sokulmayip bunun yerine farkli miktarlarda iletken karbon
tabakalart ile kaplanmistir. C/Li,MnSiO, nanokompozitlerinin sentezinde su
aracilikli doyurma (water mediated impregnation) yontemi kullanilmigtir ve
C/Li,MnSiO, nanokompozitlerinin i¢cerdigi karbon miktarinin etkilerinin gézlenmesi
amaciyla kaplanan karbon miktar kiitlece (wt.%) 10%, 15%, 20%, 25% ve 30%
olarak belirlenmistir. Su aracilikli doyurma igleminde, 6giitiiliip toz haline getirilmis
kismen oksitlenmis Li,MnSiO, nanopargaciklar yarimkiire seklindeki -elastik
kaplarda piromellitik asitin (PMA) sulu ¢6zeltileri ve Poli-N-vinilformamid (PNVF)
ile karnistirthip 1sitilmistir. Isitma islemi ¢ozeltideki tiim su buharlasip ¢ozelti
kahverengi camurumsu bir hal alana kadar devam etmistir. Sicaklik 50°C’den sonra
kademeli olarak artirilip, kaynamayi onlemek amaciyla, islem siiresince 100°C’nin
altinda tutulmus ve karisim bir manyetik karistirict yardimiyla islem siiresince orta
hizda karigtirilmistir. Poli-N-vinilformamid’in (PNVF) yalnizca kiitlece beste biri (20
wt.%) karbon kaynagi olarak kullanilabildiginden, Poli-N-vinilformamid (PNVF)
miktar1 kaplanmak istenen Li,MnSiO, nanopargaciklarinin miktariin bes kat1 olarak
alinmigtir. Piromellitik asit (PMA) miktar1 ise, kullanilan Poli-N-vinilformamid
(PNVF) miktarinin kiitlece yiizde besi (5 wt.%) olarak belirlenmistir. Su aracilikli
doyurma islemi, karisimin igerdigi su miktartyla orantili olarak, 4-6 saat arasi
stirmistlir. Su miktar1, ¢okelme (sedimentation) ve tanecik kiimelenmesine (grain
agglomeration) miisaade etmeyecek kadar azalip ¢amurumsu bir karisgim elde
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edildikten sonra elde edilen karigimlar 90°C’lik bir etiivde 24 saat boyunca
dinlendirilmistir. Etlivdeki 24 saatlik dinlenme asamasindan sonra elde edilen
malzeme Ogiitiillip toz haline getirilerek, farkli miktarlarda karbon igeren,
C/Li;MnSiO, nanokompozitleri elde edilmistir.

Sentezlenen tiim malzemeler i¢in X-1s1m1 ki (X-ray Diffraction, XRD)
analizleri kullanilarak saf (pristine) Li,MnSiO, nanopargaciklarinin ve C/Li,MnSiO,
nanokompozitlerinin basarili bir sekilde sentezlenip sentezlenmedigi incelenmis ve
ortalama tanecik boyutu hesaplanmistir. XRD analizlerine ek olarak, C/Li,MnSiO,
nanokompozitlerindeki karbon miktarinin belirlenmesi igin termo-gravimetrik
analizler (TGA) yapilmistir. Bu analizlerin 1s181nda, su araciliklt doyurma isleminin,
Li,MnSiO, nanopargaciklarini istenilen miktarda karbon ile kaplamakta basarili olup
olmadigi ve islemin Li,MnSiO, yapisi1 tizerindeki etkileri incelenmistir. Calismada,
Lityum  hekzaflorofosfat  (LiPFg), lityum  perklorat (LiCIO,), lityum
bis(okzalato)borat (LiBOB) ve lityum bis(triflorometanosiilfonil)imid (LiTFSI)
tuzlar ile etilen karbonat (EC) etil metil karbonat (EMC), dimetil karbonat (DMC),
dietil karbonat (DEC) ve 1,1-dioksit tetrametilen siilfon (TMS) ¢oziiciileri
kullanilarak 12 farkli elektrolit ¢ozeltisi hazirlanmistir. Deneylerde, LiTFSI tuzu
iceren c¢ozeltilerdeki ¢oziinme problemi sebebiyle, yalnizca LiPFs(EC:DEC),
LiPFs(EC:DMC), LiPFe(TMS:EMC), LiCIO4(EC:DEC), LIiCIO4EC:DMC),
LiClIO4(TMS:EMC), LiTFSI(EC:DEC), LITFSI(EC:DMC) ve LIiTFSI(TMS:EMC)
organik elektrolitleri kullanilmistir.

Calismada kullanilacak elektrolit ¢ozeltilerinin argon ve hava atmosferi altindaki
bozunumunun incelenmesi amaciyla tiim ¢ozeltiler diferansiyel taramali kalorimetri
(DSC) testleri ile analiz edilmistir. Buna ek olarak, elektrolit ¢ozeltilerinin
sentezlenen saf Li,MnSiO, nanopargaciklarina karsi kararliliklari da diferansiyel
taramal1 kalorimetri (DSC) analizleri ile incelenerek en az reaktif elektrolit ¢ozeltileri
tespit edilmistir. Diferansiyel taramali kalorimetri (DSC) analizlerinde argon (akis
hizi: 80 ml/min.) ve hava akis1 sabit tutulup; sicaklik, dakikada 10°C artirilmak
suretiyle, 25°C’den 400°C’ye ¢ikartilmistir.

X-1511 kiriimi (XRD) ve termogravimetrik analizlerden (TGA) sonra AC (33 Hz)
4-probe teknigi kullanilarak sentezlenmis olan; kiitlece 10%, 15%, 20%, 25% ve
30% karbon igeren, toz halindeki C/Li,MnSiO, nanokompozit katot malzemelerinin
elektriksel iletkenlikleri hesaplanmis ve karsilastirilmistir.  Karsilastirmalar
sonucunda nanokompozitlerdeki karbon miktarinin elektriksel iletkenlik tizerindeki
etkileri incelenmistir.

X-1s1m1 kirinimi analizleri, termogravimetrik analizler ve iletkenlik Ol¢limlerinden
sonra farkli miktarlarda karbon iceren nanokompozit katot malzemeleri ile farklh
elektrolit ¢ozeltileri kullanilarak R2032 coin tipi piller hazirlanmig ve galvanostatik
sarj-desarj testleri ile pil performanslari incelenmistir.

Galvanostatik sarj-desarj testlerinin birinci setinde, kiitlece 15% karbon igeren ve
aliminyum film tizerine kaplanmis, C/Li,MnSiO, nanokompozit katot malzemesi
(15C/Li,MnSi0,) ve 9 farkl elektrolit ¢ozeltisi kullanilarak 9 ¢esit R2032 coin tipi
pil yar1 hiicresi hazirlanmistir. Yapilan sarj desarj testleri sonucunda en yiiksek
kapasitenin Ol¢iildiigli pillerde kullanilmis olan 2 adet elektrolit ¢ozeltisi 2. asama
sarj-desarj testlerinde kullanilmak {izere belirlenmistir.

Galvanostatik sarj-desarj testlerinin ikinci setinde, kiitlece 10%, 15%, 20%, 25% ve
30% karbon igeren toz halindeki C/Li,MnSiO, nanokompozit katot malzemeleri ile
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LiPFe(EC:DEC) ve LiPFs(EC:DMC) elektrolit ¢cozeltileri kullanilarak 10 ¢esit R2032
coin tipi pil yar1 hiicresi hazirlanmistir. Testler sonucunda elde edilen pil kapasitesi
degerleri kullanilarak, hazirlanan piller arasinda en yiiksek performansi gosteren
pildeki nanokompozit katot malzemesinin i¢erdigi karbon miktar1 tespit edilmis ve
bu malzeme 3. asama sarj-desarj testlerinde kullanilmistir.

Galvanostatik sarj-desarj testlerinin tgilincii setinde, kiitlece 30% karbon igeren
(30C/Li,MnSi0,) toz halindeki C/Li,MnSiO, nanokompozit katot malzemeleri ile 9
farkli elektrolit ¢ozeltisi kullanilarak 9 c¢esit R2032 coin tipi pil yar1 hiicresi
hazirlanmistir. Sarj desarj testleri hazirlanan 9 ¢esit pil yar1 hiicresi i¢in uygulanmis
ve pillerin kapasitesi karsilastirilmigtir. En yiiksek performansi gosteren pil yari
hiicresi ¢esidi tekrar hazirlanip tamamen sarj edildikten sonra, 30C/Li,MnSiO,
nanokompozit katot malzemesi pilden ¢ikartilmis ve manganin yiikseltgenme
basamagi X-isimn1 fotoelektron spektroskopisi (XPS) ile Ol¢iilmiistiir. Yapilan
Olgtimde, pildeki katot malzemesinin yapisinda bulunan lityum iyonlarinin
elektrokimyasal olarak birim hiicreden ayrilip ayrilmadig (delithiation) ve lityum
iyonlarinin pil reaksiyonlarina katilma orani gézlemlenmistir.

Elektrokimyasal delitiasyon (delithiation) testlerinin sonuglarini desteklemek
amaciyla, kimyasal delitiasyon testleri yapilmistir. Saf katot malzemesi, lityum
iyonlarin1 kimyasal yontemlerle birim hiicreden ayirmanin (delithiation) miimkiin
olup olmadigimi gormek amaciyla hidrojen peroksit (H,O,), potasyum persiilfat
(K2S,0g,), siilfirik asit (H,SO,) ve amonyak (NH3) ile yedi farkli deney
diizeneginde reaksiyona sokulmustur. Ik deney setinde saf Li,MnSiO,
nanopargaciklari, asetik asit (CH3COOH) kullanilarak olusturulmus sulu asidik
ortamda hidrojen peroksit (H,O;) ile 24 saat boyunca reaksiyona sokulmustur.
Ikinci ve iigiincii deney setlerinde saf Li,MnSiO, nanopargaciklari, asetik asit
(CH3COOH) kullanilarak olusturulmus sulu asidik ortamda, sirasiyla 1M ve 2M
potasyum persiilfat (K,S,0g) ile 24 saat boyunca reaksiyona sokulmustur. Dordiincii
deney setinde kismi oksidasyon hedeflendigi i¢in saf Li,MnSiO, nanoparcaciklari
IM siilfiirik asit ile (H,SO,) sulu asidik ortamda 24 saat boyunca reaksiyona
sokulmus ve besinci sette ayni islem 2M siilfiirik asit ile tekrarlanmistir. Altinct ve
yedinci deney setlerinde amonyak kullanilarak pH 12 olacak sekilde ayarlanmis ve
saf Li,MnSiO, nanoparcaciklart bazik ortamda sirasiyla 24 ve 72 saat boyunca
bekletilmistir. Son olarak da saf Li,MnSiO, nanoparcaciklar1 kademeli olarak 1sitilip
110 °C’lik yag banyosunda 24 saat boyunca bekletilerek termal oksidasyon
denenmistir. Tiim bu reaksiyonlarin sonunda elde edilen materyaller santrifiijlenmis
ve 24 saat boyunca 90°C’lik etiivde kurutulduktan sonra X-igin1 kirinimi analizleri
yaptlmistir.  XRD analizleri sonucunda LiMnSiO, ve MnSiO,’e benzeyen
malzemeler igin XPS analizleri yapilarak Li,MnSiO, nanoparcaciklarindaki
manganin yiikseltgenme seviyesi tespit edilmistir.

Calismalar sonucunda, Pechini tipi sol-gel yontemi kullanilarak Pmn2;
konfigiirasyonuna sahip, 35-50 nm boyutlarinda, saf Li,MnSiO, nanopargaciklarinin
basarili bir sekilde sentezlendigi XRD analizleri ile kanitlanmigtir. Yine XRD
analizlerinden yararlanilarak, su aracilikli doyurma islemi ile saf Li,MnSiO,
nanoparcaciklarinin yapilarint bozmadan, parcgaciklarin istenilen oranda karbon ile
kaplanabildigi ve C/LiMnSiO, nanokompozit katot malzemelerinin basarili bir
sekilde sentezlendigi gozlemlenmistir. Farkli miktarlarda karbon iceren
C/Li;MnSiO, nanokompozitlerinin iletkenlik dl¢limleri ve galvanostatik sarj desarj
testleri sonucunda, elektriksel iletkenligin kompozitlerdeki karbon miktarinin
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artmastyla arttig1 ve pil kapasitelerinin katot malzemesinin karbon miktariyla orantili
olarak arttig1 kanitlanmistir. Diferansiyel taramali kalorimetri testlerinde en yliksek
kararlilik ve en diisiik reaktivite LiClOg4 igeren elektrolit ¢ozeltileri igin gézlenmis
olmakla birlikte, hazirlanan pillerin galvanostatik sarj desarj analizleri sonucunda en
yiiksek kapasite LiPFg tuzu igeren elektrolit ¢ozeltileri ile hazirlanmis piller i¢in
gozlemlenmistir. Ilk sarj-desarj dongiisiinde pil kapasitesinin, pasivasyon tabakasini
olusturan reaksiyonlardan etkilendigi gozlendigi igin hazirlanan pillerin kapasiteleri
ikinci sarj-desarj dongiileri baz alinarak karsilastirilmistir. Bu karsilastirmaya gore,
2. sarj-desarj dongiisiinde, en yiiksek kapasite 177.0 mAh/g olarak kiitlece 30%
karbon igeren C/Li,MnSiO, nanokompozit katot malzemesi ve 1M LiPFgs(EC:DMC)
elektrolit ¢ozeltisi iceren pil igin Slgiilmiistiir. Ayni pil kombinasyonu tamamen sarj
edildikten sonra, kullanilan nanokompozit katot malzemesindeki manganin
yiikseltgenme basamagi XPS analizleri ile 3.8 olarak o6l¢iilmiistiir. Bu sonuca
dayanilarak, C/Li,MnSiO, nanokompozit katot malzemesinin elektrokimyasal
delitiasyonunun yapilabildigi gozlemlenmistir. Kimyasal delitiasyon ise, saf
Li,MnSiO, nanopargaciklart i¢in, uygulanan yontemlerin yalnizca tiglinde kismi
olarak saglanabilmistir.
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1. INTRODUCTION

Energy storage devices composed from electrochemical cells, or more commonly
called batteries, have a long history. Despite of the ancient discovery called "Baghdat
Battery™ produced BC, studies of Luigi Galvani and Alessandro Volta at the end of
the eighteenth century are attributed as the first examples of direct production of
electricity from chemical reactions [1, 2]. A lot of electrochemical systems have been
developed in the nineteenth century on the basis of Volta's work, in which Georges-
Lionel Leclanche's cell concept is still used for the consumer (carbon-zinc and
alkaline) primary batteries. First example of the secondary/rechargeable batteries was
the lead-acid battery produced by Gaston Plante in 1859 which was followed by the
nickel-cadmium battery produced by Waldmar Jungner in 1901. Along with several
modifications such as packaging and construction design, battery system produced
by Waldmar Jungner is still the base of the popular commercial batteries of
nowadays such as batteries used for car ignition and portable tools. Even though
battery prototypes produced by Leclanche, Plante and Junger were sufficient enough
for a long time, dramatic increase in the demand of portable energy created a
research interest in the alternative battery production in the late 1960°s. Researches
were mainly focused on increasing the energy density and operation time while

decreasing the production costs.

With the usage of lithium metal as the electrode material in 1970°s, energy density
value is drastically increased according to traditional systems like nickel-cadmium
and nickel metal hydride batteries [3]. But important problems related to their safety,
environmental impact and high cost of materials also came along with this
advantage. Thus, many modifications like using manganese dioxide as the cathode
material had to be applied for the further improvement of the lithium ion battery
properties. Even though all of the initial lithium batteries used for the consumer
electronics (such as electronic watches, toys and cameras) were primary batteries;
secondary batteries gained an importance with the invention of the
insertion/intercalation electrodes in 1978 [2]. Basic principle of the rechargeable

lithium batteries were dependent on compounds having open structures which can
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reversibly accept and release lithium ions in and out during the charging —
discharging processes. It was necessary to balance the positive charge of the inserted
lithium ion while preventing collapse of the crystal structure in order to provide
continuous electrochemical reactions. And, these requirements could be obtained by

using the transition metals in the electrode materials.

Today, lithium batteries are used for many popular consumer products such as
mobile phones, laptops, camcorders, Mp3s and light electrical vehicles. But, energy
density of the currently used Li batteries are still not high enough to replace the
devices like internal combustion cars, using oil resources, with environmentally
friendly controlled emission cars; such as hybrid vehicles (HEVS) and electric
vehicles (EV).

Since, fossil fuel reserves are continuously decreasing while level of the
environmental pollution is dramatically increasing, renewable and green energy
production became a very important need for the humanity. Unfortunately, despite of
the valuable benefits of renewable energies such as solar and wind energies, their
application fields have many limitations. Thus, improvement of the lithium ion
batteries can play a very important role for the production of more environmentally
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2 . BATTERIES

Batteries are energy storage devices that can store electrical energy in the form of
chemicals and make it possible to re-convert those chemicals into direct-current
electricity [4]. They have gained an important place in our daily lives in the last few
decades, especially with the wide usage of mobile phones and laptops, and as a result

a research interest in development of new type of batteries have arisen [5].

Batteries can be classified in two main groups as primary and secondary
batteries/cells where primary cell represents the non-rechargeable energy storage
devices while secondary cell represents the rechargeable ones. Operation principle is
similar for most of the secondary batteries. They are consist of voltaic cells, which
are consist of two half-cells connected in series by a conductive electrolyte solution.
During charging process, cations are reduced at the cathode with the electron
addition and during discharging process, anions are oxidized because of the electron
removal. Energy production in batteries undergoes by redox reactions on both
electrodes, while discharging process, in the voltaic cells with the cation migration
form the negative electrode (anode) to the positive electrode (cathode). Along with
the electrodes, electrolyte solutions also have an important role in the batteries to
provide ions flow. Because in order to provide ionic current flow, ions should be
transferred between electrodes even though electrodes are not directly in electrical
contact. Thus, both advancing the electrodes and advancing the electrolyte solutions
are important research topics for the energy industry [4, 6, 7].

2.1 Rechargeable Batteries

Rechargeable batteries, also known as the secondary batteries, mainly differ from the
primary batteries with their ability to provide electrically reversible electrochemical
reactions. Different types of secondary batteries having different capacities exist and

they can be produced in different shapes and sizes (Figure 2.1.).
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Figure 2.1. Graph of mass and volume energy densities of several secondary cells.

Other important differences of secondary batteries, from the primary batteries, can be
indicated as lower total cost of use and lower level of environmental pollution related
to the fewer amount of disposal. As a consequence, rechargeable batteries are
preferred for production of the most commonly used industrial applications such as
portable consumer devices and light vehicles (laptops, mobile phones, wheelchairs,

golf carts, electric bicycles etc.).

Working principle of the rechargeable batteries can be explained with redox
reactions. Electrons that are produced from oxidation of the positive active material,
move through the electrolyte solution and be consumed by the negative material in

order to reduce it during charging process (Figure 2.2.).

Lithium-ion rechargeable battery
Charge mechanism

mrum%em) ©2006 HowStutWorks
Figure 2.2. Li-ion secondary battery charge mechanism.



Similarly during the discharging process, material which was oxidized while
charging is reduced and material which was reduced while charging is oxidized.
Thus a current flow can be generated in the external circuit related to the electron
movement during both processes (Figure 2.3.). In cases like lead-acid cells,
electrolyte is an active reactant for the electrochemical reaction unlike the lithium-
ion and nickel-cadmium cells in which it only serves as a simple buffer for the

internal ion flow.

Positive Negative
°%0 ¢
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OOO &
© o©
Cathode Electrolyte Anode

Figure 2.3. Diagram of the charging of a secondary cell battery.

It is possible to produce secondary batteries with many different chemicals but lead
acid (LA), nickel metal hydride (NiMH), nickel cadmium (NiCd), lithium ion (Li-
ion) and lithium ion polymer (Li-ion polymer) are the most commonly used

technologies for rechargeable batteries.
2.1.1 Lithium ion batteries

As mentioned in the previous paragraph, lithium ion (Li-ion) batteries are one of the
most preferred rechargeable battery types for many industrial applications. Despite of
their high costs, Li-ion batteries dominate the consumer electronics market for being
approximately 35% less heavy and resistant against the memory effect. Furthermore,
their advantages like having better stability, longer cycle life, high power and high
energy densities are also equally important for the Li-ion batteries [4, 10]. Major

problem of the Li-ion batteries is safety concerns related to their high reactivity
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towards water and air. Even though being unstable with respect to aqueous
electrolytes and many organic liquids can be limiting for lithium usage in large-scale
industrial applications, reasonable electrical conductivities can be obtained by using
non-aqueous electrolytes. Proper non-aqueous electrolytes for Li batteries can be
classified in five categories as conductive polymers, conductive ceramics, fused Li
salts, solutions of Li salts in polar organic liquids and solutions of Li salts in polar
inorganic liquids. Solutions of Li salts in polar organic liquids are especially
important for their ability to form a passivation layer on the surface of Li metal

which inhibits further decomposition in case of being exposed to air [4].

Even though Li-ion batteries can be produced with different shapes such as
cylindrical, square or rectangular; their components and working principles are
similar. A separator which is wetted using an electrolyte solutions is pressed between
thin layers of a positive and a negative electrode in order to maintain a current flow
in the cells. Micro pores on the separator allows ions to pass through while
preventing direct connection of the positive and negative electrodes. In the studies,
positive electrode is made of the conductive carbon layer coated lithium manganese
silicate (C/Li,MnSiO,) and negative electrode is made of the metallic lithium. When
the battery charges, ions of lithium move through the electrolyte from the positive
electrode to the negative electrode and attach to the metallic lithium. And during

discharge, lithium ions move back to the Li,MnSiO, from the metallic lithium [11].

2.1.2 Cathode materials

Cathode materials are an indispensable part of all batteries that can be classified in
two categories. First type of cathode materials can be defined as layered compounds
having anion close-packed lattices such as LiTiS,, LiCoO,, LiNi;_xCoxO, and
LiNixMnxCo;_,xO,. On the contrary, second type of cathode materials are the ones
having relatively open structures such as manganese oxides, vanadium oxides and

transition metal phosphates like olivine LiFePO,.

Three fundamental requirements for functional electrodes are indicated by Ying
Wang and Guozhong Cao, as: (1) a high specific charge and charge density, that is, a
high number of available charge carriers per mass and volume unit of the material;
(2) a high cell voltage, resulting from a high (cathode) and low (anode) standard

redox potential of the respective electrode redox reaction; and (3) a high reversibility



of electrochemical reactions at both cathodes and anodes to maintain the specific
charge for hundreds of charge—discharge cycles [12]. Besides these, many other
properties like safety, low cost, high electronic and ionic conductivity can be added
to the requirements list. Even though the most important requirements have been
determined for the electrode materials, a cathode material with the optimum
properties has not been produced yet. For example, while current second type
cathode materials have benefits like better safety and lower cost, they display lower
energy densities than that of the first type cathode materials. Thus, either safety
should be increased and cost should be decreased for the first type or energy density

should be improved for the second type of cathode materials.

It is also known that properties such as capacity, cyclic stability, rate capability and
energy density can be enhanced by decreasing particle size of the cathode materials
due to the reduced charge transfer resistance, bigger surface area, freedom for
volume change during charge-discharge cycles and short mass-charge diffusion
distance [13, 14]. As a result, a second type of cathode material, nanosized lithium
manganese silicate (Li,MnSiO,) with carbon coating can be a good alternative for its
benefits like theoretical ability of intercalation/extraction of two lithium ions per
formula unit (which may provide higher energy densities from the formerly used
second type of cathode materials), relatively lower cost, safety and less volume

distortion while usage.






3. PRINCIPLES OF CHARACTERIZATION METHODS

Main principles of the characterization methods used in this study are briefly

explained under this paragraph.

3.1 Thermogravimetric Analysis (TGA)

Working principle of thermogravimetric analysis (TGA) depends on mass change of
the samples, related to the reactions with controlled environment conditions and heat,
during the process. TGA devices are basically consisted of a furnace, a thermocouple
and a balance (Figure 3.1.). Mass change can both be measured as a function of time
and temperature. Main parameters of the TGA measurements can be indicated as
heating rate, flow rate, crucible type and gas atmosphere (for e.g. nitrogen or air).
Degradation of the samples can be observed as mass loss while mass increment

usually points out a reaction of samples with the gas atmosphere [15].

.
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Figure 3.1. Diagram of TGA
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3.2 X-ray Powder Diffraction (XRD)

Working principle of the X-ray diffraction measurements depends on the ability of
crystals to reflect X-ray beams from their cleavage faces at certain angles of

incidence (theta). This situation can be explained with the Bragg's Law (3.2); for



which *0° represents the reflection angle, "d" is the atomic layer distance in crystals,

A" is the wavelength of incident X-ray beam and "n" is an integer.

n A =2dsin0 (3.2)

XRD devices are basically consisted of a light source, aperture and detector slits, a
monochromator, and a detector (Figure 3.2.). They can be used to examine any kind
of crystal structure in all states of matter by using electron, proton, neutron or ion
beams with a wavelength similar to the distance between molecular or atomic
structures. Information about crystal structure of an unknown material, orientation of
a single crystal or a grain and average spacing between layers or rows of atoms can
be obtained from XRD measurements. Besides these shape, size and internal stress of

a region can also be known from the XRD measurements for crystalline regions [16].

Detector
Detector slits

Secondary
manachromator .

X=ray tube
*Measuring circle

Figure 3.2. Diagram of XRD devices.

3.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy measurements depend on detection of the electrons
ejected from a surface by the irradiation caused by monoenergectic soft x-rays. XPS
devices are basically consisted of an X-ray source, an electron analyzer and a

detector (Figure 3.3.).
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Figure 3.3. Diagram of an XPS system.

Measurements can be done for both conductive and insulating materials. Kinetic
energies of the ejected photoelectrons can be used to identify the elements in the
sample while photoelectron intensities can be used to determine the relative
concentration of the elements. Furthermore; variation in the chemical shifts or
binding energies of the photoelectron lines can be used to determine the chemical

states and chemical state distribution of the samples [17, 18].

3.4 Conductivity Measurement

An alternating current (1) is applied to two active electrodes at an optimal frequency
to measure the potential (V). Afterwards, conductance is measured by dividing | to
measured V. And finally, cell constant is multiplied with the measured conductance
in order to calculate the conductivity of the sample. In 4-probe cells an alternating
current is applied to the outer rings (1 and 4) in order to provide a constant potential
difference between the inner rings (2 and 3) (Figure 3.4.). Due to the negligible
current of the voltage measurement, inner electrodes (R, = R; = 0) are not polarized.
Thus, the conductivity is directionally proportional to the applied current. Since the
sample volume is certainly known for the measurements, 4-probe cells with an outer

tube minimizes the beaker field effect [19].
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Figure 3.4. Diagram of a 4 point probe tester.

3.5 Differential Scanning Calorimetry (DSC)

Working principle of differential scanning calorimetry measurements depends on
keeping the temperature rise/time constant for both sample vessel and the empty
reference vessel in a certain temperature interval. Feedback control system,
consisting of heaters and thermocouple controllers, is used to compare temperature
of the reference vessel and arrange the heating rate of sample vessel according to the
endothermic and exothermic reactions occurring in it (Figure 3.5.). When the sample
gives an exothermic reaction, due to the extra heat occurring in the sample vessel,
heating rate is decreased by the feedback control system and total temperature
increase is kept similar with the temperature increase of the reference vessel during
the reaction. Similarly when the sample gives an endothermic reaction, due to the
extra consumption of heat in the sample vessel, heating rate is increased for the
sample  vessel and total temperature increase is kept similar with the temperature
increase of reference vessel during the reaction. A graphic for heat output vs.
achieved temperature is plotted for both heaters during the measurement in order to

determine the state changes of the sample related to the temperature changes [15].
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Figure 3.5. Diagram of a DSC device.
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4 . EXPERIMENTAL PART
4.1 Production of Pristine Li,MnSiO, Powder

4.1.1 Preparation of the precursor

Pechini type sol-gel synthesis was used for production of the Li,MnSiO,, using
lithium acetate dehydrate (Aldrich), manganese acetate tetrahydrate (Aldrich),
ethylene glycol (POCh), citric acid (POCh), ethanol (POCh) and tetraethoxysilane
(TEQS, 98%, Aldrich) as starting reagents [7,8,9]. When the conditions indicated in
the references are followed, it was possible to reach the proper stoichiometric
composition with the help of chelating metal ions in the solution. Reactants were
dissolved in gas reactor, in argon atmosphere and under a constant argon flow (flow
rate: 5.7 I/h), with the molar ratio of 1:1:18:6:4:16 -
Mn:Si:C,H¢0,:CcHsO7:C,Hs0H:H,0 by using 20 wt.% excess amount of lithium
acetate from stoichiometric amount, in order to produce a one-phase product. Fast
and complete dissolution of metal acetates was accomplished by heating the solvent
(water) up to 35 °C. Afterwards the obtained mixture was heated to 60 ‘C and
polymerization of metal citrates was initiated with addition of a few drops of
concentrated hydrochloric acid along with tetraethyl orthosilicate (TEOS) and
ethylene glycol. After the reaction was conducted in a close reactor for 24 hours,
obtained gel was first aged at 60 °C for 3 days in a closed reactor with argon

atmosphere and then, in an air-drier at 60 °C for another 3 days.

4.1.2. Calcination of the precursor gel

After obtaining the precursor gel, it was placed on a gold crucible and calcined under
argon atmosphere for 12 hours to thermally decompose the organic matrix. Argon
flow was kept constant (flow rate: 30 ml/min.) throughout the calcination process
and temperature was set to 800 °C (heating rate: 5°C/min.) which is high enough
(<600 °C) to obtain the pure Li,MnSiO, phase (Pmn21), as indicated by Molenda et
al [22].
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4.1.3 Removal of the undesired carbon shell from the calcined sample

Purpose of the third step of pure Li,MnSiO, production is to remove the undesired
carbon which remains around the Li,MnSiO, crystallites after the thermal
decomposition of organic matrix [14, 21]. Sample is placed in a furnace on a gold
crucible and kept at 360 °C (heating rate: 5°C/min.) for 6 hours under air atmosphere
where air flow was kept constant (flow rate: 150 ml/min.) throughout the process
(Figure 4.1.). It is known that the obtained sample has a partially oxidized layer

around the crystallites because of the oxidation process of Li,MnSiO, [14].

Figure 4.1. Furnaces that are used for the Li,MnSiO, production.

4.1.4 Reduction

Last step of pure Li,MnSiO, production is the elimination of the oxidized layer
around the crystallites (Figure 4.2.). For this purpose, sample was sealed in the
middle of a quartz pipe by using quartz fibers, which was then placed into a furnace
and kept at 600°C (heating rate: 10°C/hour) for 1 hour under hydrogen and argon

(H2:Ar = 1.9, flow rate: 50ml/min.) atmosphere.

Pshell

-

Figure 4.2. A core — shell figure where core represents the Li,MnSiO, crystallites
and shell represents the oxidized layer.
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4.2 Production of C/Li,MnSiO, Composites

Preparation of the precursor, thermal decomposition/calcination of the precursor gel
and removal of the undesired carbon from the calcined sample steps are done exactly

the same as pristine Li,MnSiO, production.

4.2.1 Conductive carbon layer (CCL) coating

Coating the electrode materials with conductive carbon layers by water impregnation
process using hydrophilic polymers is a unique method, developed by J. Molenda
and M. Molenda that aims to improve the cathode material properties and increase
capacity of the batteries. Thus, water impregnation process is applied to the pristine
cathode material according to this reference [13, 14]. Li,MnSiO, crystallites with
partially oxidized shells, which were obtained after the third step, were coated with
10%, 15%, 20%, 25% and 30% of carbon where weight percentages are intentionally
selected in order to determine the optimum carbon amount after comparison of the
cell properties. Li,MnSiO, crystallites with partially oxidized shells were mixed and
stirred in a plastic bowl with water solutions of pyromellitic acid (PMA) and Poly-N-
vinylformamide (PNVF), until all of the water was evaporated and a mud-like
mixture was obtained. Since only 20 wt.% of the carbon source (PNVF) can provide
the coated carbon, 5 times the amount of Li,MnSiO, was added for PNVF and 5
wt.% of the total mass of PNVF was added for PMA. The process time had varied
between 4 - 6 hours according to the amount of water and the carbon. Heating
temperature was gradually increased while the process starting from 50 °C and kept
below 100 °C to prevent the boiling. After enough water was evaporated to prevent
sedimentation and grain agglomeration, obtained mud-like mixture is kept in a
drying oven at 90 °C for 24 hours [14].

4.2.2 Pyrolysis

After the drying process, polymer coated glassy sample was grinded. It is then placed
into a furnace on a gold crucible and kept at 600°C (heating rate: 10°C/hour) for an
hour under argon atmosphere. Argon flow was kept constant (flow rate: 30 ml/min.)
throughout the pyrolysis process. Finally produced carbon coated C/Li,MnSiO,

composites were grinded and cells are assembled by using the produced powders.
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4.3 Characterization of the Cathode Materials

XRD patterns of both pristine, and C/Li,MnSiO, composite powders are examined
using X-ray powder diffraction technique (XRD). Additionally, carbon coated
samples are examined with thermogravimetric analysis (TGA) and electrical
conductivity measurements (EC) are done for each of them. Furthermore, activation

energies are calculated from the conductivity results.

Moreover, chemically delithiated pure Li,MnSiO, powders are examined by using

X-ray photoelectron spectroscopy (XPS).

4.3.1 Thermogravimetric analysis (TGA) and mass spectrometry (MS)

Thermogravimetric analyses (TGA) are applied to all carbon coated Li,MnSiO,
powders, in order to determine the actual carbon in the composites and see if the
actual carbon percentages are equal or similar to the theoretically calculated carbon
amounts. Samples are placed in the thermoanalyzer (Thermostar GSD 300 T Balzers)
in corundum crucibles (150 pl) in which they were heated up to 1000 °C (heating
rate: 10°C/min.) under a constant air flow (flow rate: 80 ml/min). A quadrupole mass
spectrometer (QMS), connected to the thermo-analyzer, is used to obtain information
about evolved gases; on which mass lines were selected as 17 for OH, 18 for H,O
and 44 for CO,.

Carbon and water percentages of the synthesized samples are determined from a
graphic, plotted by using Origin Pro 9.1, where reference temperature (T,) was set as
the X axis and weight percentage was set as the Y axis. Since water evaporation
occurs before carbon starts burning, first slope can be attributed to the water

evaporation and second slope can be attributed to the carbon oxidation.

4.3.2 Preparation of the reference XRD patterns for Li,MnSiO,, LiMnSiO,4 and
MnSiO,

First and foremost, most stable configurations of Li,MnSiO, are determined from the
article of Dominko et al. as; Pmn2,, P2;/n and Pmnb structures [5]. Then, space
groups for all three structures are determined from the “Space Group Diagrams and
Tables via the website of Birkbeck College, University of London. Finally,

theoretical crystal morphologies and XRD patterns are obtained for Li,MnSiO,,
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LiMnSiO, and MnSiO, by using the proper space group information on Mercury
program (Figure 4.3.) Reference XRD patterns are obtained for all three structures
using two different methods (PBE-GGA and LSDA techniques) [24]. After the
comparison of six reference Li,MnSiO, XRD patterns, it was clearly observed that
Pmn2; structure has the most similar XRD pattern to synthesized Li,MnSiO,, for
both techniques (Figure 4.4.). Thus, it can be said that synthesized Li,MnSiO, has

orthorombic g, structure.

Figure 4.3. Theoretical Li,MnSiO, (Pmn2,) LSDA structure prepared by "Mercury”

program.
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Figure 4.4. Comparison of the theoretical XRD patterns.
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4.3.3 X-ray powder diffraction (XRD)

X-ray powder diffraction method is applied to obtain the XRD patterns of
synthesized pure, and carbon coated Li,MnSiO, powders in order to prove that the
syntheses occurred accurately. Besides this, samples after chemical delithiation
processes are also examined by XRD method before the XPS analyses. A BRUKER
D2 PHASER (using Cu Ka radiation = 1.5418 A) device is used for the

measurements with a scanning range of 10-80°.

Crystal structures and phases of the particles are determined from the comparison of

XRD patterns of synthesized samples and theoretical XRD patterns of Li,MnSiO,.

Additionally, average crystallite sizes are calculated from the peaks with the highest
intensities on XRD patterns. Widths of the peaks at their middle points are used in
the Scherrer equation (4.1) in order to calculate the crystallite sizes.

dxrp = ﬁf_jse (4.1)
On the Scherrer equation; ‘d’ represents the crystallite size where , A is the
diffraction wavelength (in angstrom - A), B is the calculated width at middle point of
the peaks, K is the Scherrer constant value (related with the particle shape) and 0 is
the diffraction angle of the peaks. Same four peaks, chosen from the reference XRD
patterns, are used to calculate the crystallite sizes, and average crystallite sizes are
shown in the table 5.1. along with the biggest and smallest grain sizes.

4.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) method is applied to chemically oxidized
samples, which had similar XRD patterns to LiMnSiO, and MnSiO,, in order to
determine the delithation level. Samples are placed in a high vacuum analytical
chamber with the base pressure of 5x10 ° mbar and analyzed by using a Prevac
photoelectron spectrometer with a hemispherical VG SCIENTA R3000 analyzer.
XPS measurements were taken as read from the article of Molenda et al. [14], with a
monochromatized aluminum source Al Ka (E = 1486.6 eV) and a low energy
electron flood gun (FS40A-PS) to compensate charge on the surface during the

measurements.
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Peaks were recorded with a constant pass energy of 100 eV for the survey and high
resolution spectra and binding energies were referenced on the Si 2p core level
(102.0 eV). The composition and chemical surrounding of sample surface were
investigated on the basis of the areas and binding energies of Si 2p, Mn 2p, C 1s, O
1s and Li 1s photoelectron peaks while fitting of the high resolution spectra was

provided through the CasaXPS software.

4.3.5 Conductivity and activation energy

Conductivities of the 10%, 15%, 20%, 25% and 30% carbon coated samples are
measured by using the AC (33Hz) 4-probe technique (Sigma 1 in AC) within the
temperature range of -20 °C and +40 °C, in order to determine the effect of carbon
amount on conductivity of Li,MnSiO, samples. Considering elasticity of the
materials related to carbon coatings, synthesized powders were pressed between two
gold electrode discs (=5 mm) in a glass tube until they become pellet-like forms
with approximately 1 mm thickness. Pressing level, which is important to obtain a
stable resistivity, was determined according to the simultaneous resistance

measurements.

For further comparison of carbon amounts, the Arrhenius Law (4.2) is used to
calculate the activation energies (Ea) by using the measured conductivities and

results are shown in table 5.2.

o= agyexp (— Fa ) (4.2)

KgT

On Arrhenius equation E, represents the activation energy where o represents the
measured conductivity of the materials, g, represents the pre-exponential factor, T

represents the temperature and K represents the Boltzmann constant.

4.3.6 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analyses were applied to the pure
Li,MnSiO, sample, in order to determine chemical stability of the cathode material
(Li;MnSiO,) towards potential electrolyte solutions. Degradation of the electrolyte
solutions under both air and argon atmospheres are also examined by DSC analyses.
Since it is not desired for electrolyte solutions to react with cathode materials, most

stable electrolytes are determined and used to prepare the coin cells.
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A Mettler-Toledo 822° calorimeter with a cooling system (liquid nitrogen - LN,) is
used for the experiments in which samples were placed in 40 ul aluminum crucibles.
Argon flow was kept constant (80 ml/min) while temperature was increasing from 25
°C to 400 °C with a heating rate of 10 °C/min [14].

4.4 Preparation of the Electrolyte Solutions

First and foremost, commonly used salts and solvents for lithium ion battery
electrolyte solutions Lithium
hexafluorophosphate (LiPF¢, Aldrich), lithium perchlorate (LiCIO,4, Aldrich), lithium
bis(oxalato)borate (LiBOB, Aldrich) and lithium bis(trifluoromethanesulfonyl)imide

are determined with a literature research.

(LiTFSI, Aldrich) were chosen as salts while; mixtures of ethylene carbonate (EC,
Acros Organics), ethyl methyl carbonate (EMC, Aldrich), dimethyl carbonate (DMC,
Sigma-Aldrich), diethyl carbonate (DEC, Acros Organics) and 1,1-dioxide
tetramethylene sulfone (TMS, Aldrich) were chosen as the solvents. 1 M solutions of
salts are prepared with each solvent mixture by having the same weight percentage
for the solvents (Table 4.1.) [4, 25-31].

Table 4.1. Prepared Electrolyte Solutions.

LiPFe LiCIO, LiBOB LiTFSI
EC:DEC LiPFs W/ LiCIO, w/ LiBOB w/ LiTFSI w/
EC:DEC EC:DEC EC:DEC EC:DEC
EC:DMC LiPFs W/ LiCIO, w/ LiBOB w/ LiTFSI w/
EC:DMC DEC:DMC EC:DEC EC:DEC
TMS:DEC | LiPF¢ w/ LiCIO, w/ LiBOB w/ LiTFSI w/
TMS:EMC TMS:EMC EC:EMC EC:EMC

In consideration of strong reaction of lithium compounds with air and moisture, all

electrolyte solutions are prepared in a glove box under argon atmosphere.

4.5 Chemical Delithiation

Reactions of pristine Li,MnSiO, nanoparticles with potential oxidizing agents are
studied in order to prove the possibility of reversible exchange of up to two Li ions
per formula unit while maintaining the crystallite structure. Hydrogen peroxide
(Chempur), potassium persulfate (Sigma-Aldrich), sulfuric acid (Aldrich), and

ammonia (Chempur) are chosen as the oxidizing agents after a literature research.
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First oxidation reaction (4.3) was done using hydrogen peroxide (H,O,) as the
oxidizing agent. Excess amount of H,O, (130 wt.%) is reacted with pristine
Li,MnSiO, nanoparticles in acidic aqueous medium (CH3;COOH + H,0) for 24

hours.
Li,MnSiO, + % H,0, + H* > MnSiO, + H,O + 2 Li* 4.3)

Second and third oxidation reactions were done using potassium persulfate
(K2S;05) as the oxidizing agent. For the second reaction (4.4), excess amount of
K,S;0g (130 wt.%) is reacted with pristine Li,MnSiO, nanoparticles in acidic
aqueous medium (CH3;COOH + H,0) for 24 hours. For the third oxidation reaction

(4.5), second reaction was repeated by using quintuple amount of K,S,Qs.
Li,MnSiO, + K,S,05 +H* > MnSiO, + 2 Li* (4.4 & 4.5)

Fourth and fifth oxidation reactions were done using sulfuric acid (H,SO,) as the

oxidizing agent. For the fourth reaction (4.6), excess amount of sulfuric acid H,SO,

(130 wt.%) is reacted with pristine Li,MnSiO, nanoparticles in aqueous medium for

24 hours in order to remove one lithium ion from the structure.

2 Li,MnSiO4 + % O, + 2 H* + = 2 LiMnSiO, + H,O + 2 Li* (4.6)

For the fifth (4.7) oxidation reaction, fourth reaction was repeated by using double

amount of H,SO, in order to remove both lithium ions from the structure.

Li;MnSiO, + %2 O, + 2 H* + & 2 LiMnSiO,4 + H,O + 2 Li* “.7)

Afterwards, pristine Li,MnSiO, nanoparticles were tried to be oxidized by heat
treatment. Li,MnSiO, nanoparticles were gradually heated to 110°C and kept at
110°C in an oil bath for 24 hours in the designed experiment setup under constant

oxygen flow (4.8) (Figure 4.5.).
Li,MnSiO4 + O, + A > MnSiO,4 + 2 Li* 4.8)

Finally ammonia (NH3) was used as the oxidizing agent. pH of the aqueous medium
was adjusted to 12 by adding enough NHs, and pristine Li,MnSiO, nanoparticles are
kept in the alkaline medium for 24 and 72 hours (4.9).

Li,MnSiO, + H,O + NH; = MnSiO, + 2 Li* (4.9)
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After the reactions, samples are centrifuged twice for 15 minutes, by using a Heraeus
Megafube 40R type centrifuge produced by the Thermo SCIENTIFIC Company.
Then, dried at 90°C for 24 hours in a Venticell type dryer produced by the BMT
Company. Then, XRD measurements are done for dried samples and obtained
patterns are compared with the theoretical XRD patterns of Li,MnSiO,, LiMnSiO,
and MnSiO,. Furthermore, XPS measurements are done for the samples that have
matching XRD patterns with LiMnSiO, and MnSiO, in order to determine the
accurate oxidation state of manganese (Mn).

4.6 Electrochemical Oxidation/Delithation

For the first set of experiments, 15%CCL Li,MnSiO, particles (coated on aluminum
foils) were used as cathode material and 12 cells are assembled by using LiPFg
(EC:DEC), LiPF¢ (EC:DMC), LiPF¢ (TMS:EMC), LiCIO, (EC:DEC), LiClO,
(EC:DMC), LiClO, (TMS:EMC), LiTFSI (EC:DEC), LiTFSI (EC:DMC), LiTFSI
(TMS:EMC), LiBOB (EC:DEC), LiBOB(EC:DMC) and finally LiBOB(TMS:EMC)
as the electrolyte solutions. The galvanostatic charge-discharge cycling studies were
conducted in two electrode configuration wusing RC 2032 coin cell
Li/Li*/(C/Li,MnSiO,) between 1.8 and 4.5 V at C/20 rate at room temperature

conditions.

In the second set of experiments, electrolyte solutions which provided higher
capacities for the previous batteries (LiPFs w/EC:DMC and LiPF¢ w/EC:DEC) are
used to assemble batteries for cathode materials with carbon loadings of 10 wt.%, 15
wt.%, 20 wt.%, 25 wt.% and 30 wt.%. The galvanostatic charge-discharge cycling
studies were conducted in two electrode configuration using RC 2032 coin cell type
batteries Li/Li*/(CCL/Li,MnSiO,) between 1.8 and 4.5 V at C/50 at room

temperature.

In the third set of experiments, optimum carbon loading amount (30%) to obtain the
highest capacities is determined and twelve batteries are assembled with each
electrolyte solution by using 30% C/Li,MnSiO, nanoparticles as the cathode
material. The galvanostatic charge-discharge cycling studies were conducted in two
electrode configuration using RC 2032 coin cell type batteries Li/Li*/(C/Li,MnSiO,)

between 1.8 and 4.5 V at C/50 rate at room temperature conditions.
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4.6.1 Assembling of coin cell type batteries

A coin cell type battery is mainly consisted of a positive case, cathode and anode
materials, a separator and a negative case (Figure 4.7.) First step of cell assembling is
to place a seal on the positive case. Secondly, if the cathode material is a powder, an
aluminum crucible should be placed in the middle of the positive case and 10-20 mg
of powder should be placed in the aluminum crucible. On the other hand, powder
cathode material can be coated on an aluminum foil and directly placed in the middle
of the positive case without using an aluminum crucible. Afterwards, first a celgard
then a watmann should be placed on the cathode material as separators, and both
should be wetted with the electrolyte solution (6 or 7 drops). Next, anode material,
which is placed on the metal spacer, should be put on the wet watmann separator.
Finally a spring should be added and cell should be closed by using a negative case.
Cells should be pressed in order to prevent any air leakage and provide maximum
contact between the cell components.

As previously mentioned, Li,MnSiO, is used as the cathode material in this study
and lithium metal is used as the anode material with various electrolyte solutions. In
consideration of strong reaction of lithium compounds with air and moisture, all

batteries are assembled in a glove box, under argon atmosphere.

Positive Case

Separator

Spacer

Figure 4.5. Components of a coin cell.
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4.6.2 Disassembling of coin cell type batteries

After the second set of electrochemical delithiation experiments, battery with the
highest observed capacity (cell prepared from C/Li,MnSiO, nanocomposite
containing 30 wt.% of carbon and 1M LiPF¢ in EC:.DMC electrolyte solution) is
assembled again and after the first charging step, put back into the glove box. Totally
charged/delithated cathode material (Li,MnSiO,) is taken out of the coin cell by
using a nipper tool. Afterwards cathode material is dried under vacuum and XPS
measurement is done to determine the actual oxidation state of the Mn in the sample.
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5. RESULTS AND DISCUSSIONS
5.1 Comparison of the XRD Patterns of Synthesized Cathode Materials

It is proved from the XRD pattern comparison that, Li,MnSiO, nanoparticles could
be properly synthesized by using Pechini type sol-gel synthesis. Furthermore it is
proved that, carbon coating by water impregnation process do not change the crystal

structure of the synthesized nanocomposite cathode materials (Figure 5.1.).
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Figure 5.1. XRD patterns of theoretical and synthesized Li,MnSiO, and
C/Li,MnSiO, samples.

Crystallite sizes are also calculated from the XRD patterns for each sample and
shown on the table given below (Table 5.1.). Despite of the slight agglomeration of
10% C/Li,MnSiO,, it is possible to say that there is no crystallite growth during

carbon coating process.

Table 5.1. Crystallite sizes of the synthesized cathode materials.

Carbon Percentage 0% 10% 15% 20% 25% 30%

Average size (nm) 45 61 42 46 36 39
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5.2 Conductivity and Activation Energy Results

Measured conductivities of the synthesized and carbon coated cathode materials are
compared for 10%, 15%, 20%, 25% and 30% C/Li,MnSiO,. Afterwards, activation
energies are calculated for each sample by using measured conductivities and
Arrhenius Law (4.2). Conductivity of the 10% C/Li,MnSiO, composite was
measured as 2.21 x 102 S/cm and activation energy of the sample is calculated as
0.041 eV (Figure 5.2.).
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Figure 5.2. Conductivity graphic of 10% C/Li,MnSiO,.

Conductivity of the 15% C/Li,MnSiO, nanocomposite was measured as 0.75 x 10>

S/cm and activation energy of the sample is calculated as 0.074 eV (Figure 5.3.).
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Figure 5.3. Conductivity graphic of 15% C/Li,MnSiO,.
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Conductivity of the 20% C/Li,MnSiO, nanocomposite was measured as 1.32 x 10 °

S/cm and activation energy of the sample is calculated as 0.089 eV (Figure 5.4).
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Figure 5.4. Conductivity graphic of 20% C/Li,MnSiO,.

Conductivity of the 25% C/Li,MnSiO, nanocomposite was measured as 2.38 x 10 °

S/cm and activation energy of the sample is calculated as 0.077 eV (Figure 5.5.).
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Figure 5.5. Conductivity graphic of 25% C/Li,MnSiO,.

And finally, conductivity of the 30% C/Li,MnSiO, nanocomposite was measured as
2.81 x 10 ° S/cm and activation energy of the sample is calculated as 0.098 eV

(Figure 5.6.).
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Cooling line of 30% CCL Li,MnSiO,
Heating line of 30% CCL Li,MnSiO,
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Figure 5.6. Conductivity graphic of 30% C/Li,MnSiO,.

Except for the 10% C/Li,MnSiO,, conductivity results showed that conductivity is

increased with the increase in the carbon amount in the composites (Table 5.2.).

Table 5.2. Conductivity and activation energy values vs. carbon content.

Carbon Percentage 10 15 20 25 30
(%)
Conductivity 2.21x10°% 0.75x10° | 1.32x10° | 2.38x10° | 2.81x10°
(S/cm)

Activation Energy 0.048 0.102 0.086 0.075 0.098
(eV) [cooling]

Activation Energy 0.044 0.100 0.082 0.078 0.098
(eV) [heating]

5.3 TGA Results

Actual carbon amounts in the composite cathode materials (C/Li,MnSiO,) are
determined for theoretically 10%, 15%, 20%, 25% and 30% C/Li,MnSiO, samples.
A very slight percentage difference, compared to the theoretical carbon content, is
observed for each sample due to the inhomogeneous mixing of Poly-N-
vinylformamide (PNVF) and pyromellitic acid (PMA) while the water impregnation
processes. Water amount adsorbed on the synthesized cathode materials are
determined from the first, relatively slight mass changes while carbon amounts are

determined from the second temperature range that show rapid mass decrements.
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Actual carbon amount is calculated as 11.1% for the theoretically 10% C/Li,MnSiO,
while the calculated water amount is 2.4% and active material amount is 86.5% for it
(Figure 5.7.).
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Figure 5.7. TGA graphic of theoretically 10% C/LioMnSiOa.

Similarly, actual carbon amount is calculated as 15.2% for the theoretically 15%
C/Li,MnSiO, while the calculated water amount is 5.6% and active material amount
IS 79.1% for it. Afterwards, actual carbon amount is calculated as 21.5% for the
theoretically 20% C/Li,MnSiO, while the calculated water amount is 2.4% and
active material amount is 74.6% for it (Figure 5.8.). Furthermore, actual carbon
amount is calculated as 22.5% for the theoretically 25% C/Li,MnSiO, while the
calculated water amount is 7.5% and active material amount is 70.1% for it. And
finally, actual carbon amount is calculated as 29.9% for the theoretically 30%
C/Li,MnSiO, while the calculated water amount is 8.3% and active material amount
IS 61.7% for it (Figure 5.9.).
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Figure 5.8. TGA graphics of theoretically 15% (left) and 20% (right) C/Li2MnSiOa.
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Figure 5.9. TGA graphics of theoretically 25% (left) and 30% (right) C/Li>MnSiOa.

Even though carbon content in the composite cathode materials are not exactly the
same with the theoretical amounts, they were very close to the expected amounts.
Thus it is possible to say from the TGA results that, water impregnation process is a
precise method to coat the Li,MnSiO, nanoparticles with desired amount of carbon
(Table 5.3.).

Table 5.3. Theoretical and actual carbon contents

Theoretical Carbon 10 15 20 25 30
Content (%)
Actual Carbon 11.1 15.2 215 22.5 29.9
Content (%)

5.4 Chemial Oxidation/Delithation Results

First of all; theoretical XRD patterns of LiMnSiO, and MnSiO, are compared with
the XRD patterns obtained from materials after the reactions of cathode material
(Li;MnSiO,) with hydrogen peroxide (H,O,), potassium persulfate (K,S;Osg),
sulfuric acid (H,SO,) and ammonia (NHs). Same comparison is also done for the
heat treated cathode material. Afterwards, XPS analysis are done for the samples that
show similar XRD patterns to LiMnSiO, and MnSiO,, in order to determine the

actual oxidation level of manganese in the cathode materials.
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5.4.1 XRD results

It is observed from the XRD pattern comparison that, cathode material was
decomposed because of the reaction with hydrogen peroxide (H,O;) for 24 hours in
acidic medium. The crystalline structures that occurred after decomposition could not
be determined from the database ICDD-PDF4+ (Figure 5.10.). Thus it can be said
that, reacting with H, O is not appropriate to perform the chemical delithiation of the

cathode material (Li,MnSiO,) under these circumstances.

It is observed from the XRD pattern comparison that, cathode material was partially
oxidized along with partial decomposition of the crystalline structure because of the
reaction with 1M potassium persulfate (K,S,Og) for 24 hours in acidic medium

(Figure 5.11.). XPS measurement is done for the further investigation.
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Figure 5.10. XRD comparison graphic for the sample oxidized using H,O,.

It is observed from the XRD pattern comparison that, cathode material was
decomposed into potassium lithium sulfate (KLi(SO,)) and an amorphous phase
containing Mn and Si because of the reaction with 5M potassium persulfate
(K2S;0g) for 24 hours in acidic medium (Figure 5.12.). Thus it can be said that it is
not possible to chemically delithiate the cathode material (Li,MnSiO,) under these

circumstances.
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Figure 5.11. XRD comparison graphic for the sample oxidized using 1M K,S,0Og.
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Figure 5.12. XRD comparison graphic for the sample delithiated using 5M K,S,0s.

It is observed from the XRD pattern comparison that, cathode material was
decomposed into an amorphous material because of the reaction with 1M sulfuric
acid (H,S0O,) for 24 hours under oxygen flow (Figure 5.13). Thus it can be said that
it is not possible to chemically delithiate the cathode material (Li,MnSiO,) under

these circumstances.
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Figure 5.13. XRD comparison graphic for the sample oxidized using 1M H,SO,.

It is observed from the XRD pattern comparison that, cathode material was
decomposed into manganese silicate (MnSiO,) and an amorphous phase of Mn
because of the reaction with 2M sulfuric acid (H,SO,) for 24 hours under oxygen
flow (Figure 5.14.). Thus it can be said that it might be possible to chemically

delithiate some of the cathode material (Li,MnSiO,) under these circumstances.

8000 Li,MnSiO, oxidized by using 2M H,80,
— Theoretical Li,MnSiO,
— Theoretical LiMnSiO,
Theoretical MnSiO,
6000 -
=
‘@
=
D 4000
=
2000 -
0 -

10

Figure 5.14. XRD comparison graphic for the sample oxidized using 2M H,SO,.

A similar XRD pattern to LiMnSiO, and MnSiO, is obtained for the sample after

heat treatment for 30 minutes (Figure 5.15.). Thus, a further XPS measurement is
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done for this cathode material in order to determine the oxidation level of
manganese. On the contrary, sample which was obtained after heat treatment for 24
hours was decomposed into another material (Figure 5.16.). Thus it is possible to say
that, 24 hours is too long to delithiate Li,MnSiO, by heat treatment.
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Figure 5.15. XRD comparison graphic for the sample oxidized by heat treatment for
30 minutes.
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Figure 5.16. XRD comparison graphic for the sample oxidized by heat treatment for
24 hours.

XRD pattern of the sample which is delithiated using ammonia (NH3) for 24 hours
was similar to the XRD patterns of LiMnSiO, and MnSiO, (Figure 5.17.). Thus,
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XPS measurements are done in order to determine the oxidation level of manganese

in the cathode materials reacted with NHs.
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Figure 5.17. XRD comparison graphic for the sample oxidized using NH; for 24
hours.

It is observed from the XRD pattern comparison that, cathode material was
completely decomposed into an amorphous material because of the reaction with

NH; for 72 hours (Figure 5.18.). Thus even it is possible to chemically delithiate the
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Figure 5.18. XRD comparison graphic for the sample oxidized using NH; for 72
hours.
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cathode material (Li,MnSiO,) under these circumstances, this irreversible method is

not appropriate to prove the chemical oxidation of Li,MnSiO, particles.
5.4.2 XPS results

Average oxidation state of manganese (Mn) is calculated for the chemically
delithiated cathode materials (Li,MnSiO,) by using the binding energy data obtained

from the XPS measurements.

Average oxidation state of manganese (Mn) is calculated as 2.10 from XPS analysis
for the Li,MnSiO, particles after heat treatment for 30 minutes. According to this
result, most of the Mn exist on the second oxidation state while a very few amount of
the Mn exist on the fourth oxidation state after the reaction. A possible reason for
this situation is the Jahn-Teller distortions that occur during the lithiation/delithiation
process to arrange the symmetry and energy of the tetrahedral structure [39]. This
result also shows that the LiMnSiO, structure is not stable thus the cathode material
should be improved to preserve the structure during transitions while charging and
discharging processes in order to obtain better performances for the batteries.
Furthermore it should be indicated that, delithiation percentage is very low after heat

treatment for 30 minutes. Thus, the method is not convenient.

Average oxidation state of manganese (Mn) is calculated as 2.28 from XPS analysis
for the Li,MnSiO, particles after reacting with ammonia (NH3) for 24 hours.
According to this result both of the lithium ions might be removed from the cathode
material under these circumstances. But it is not possible to be certain about this
information due to the partial decomposition of the sample since the products, which
occurred after decomposition, might contain oxidized Mn that contribute to the
average oxidation state of Mn measured by using XPS.

In conclusion it can be said that the pristine Li,MnSiO, samples could be partially
delithiated by using potassium persulfate, ammonia and slightly via heat treatment
for 30 minutes. Among the previously mentioned reactions, reacting with K,S,0g

shows a better performance as the oxidizing process.

Average oxidation state of manganese (Mn) is calculated as 2.52 from XPS analysis
for the Li,MnSiO, particles after reacting with potassium persulfate (K,S,QOg) for 24
hours (Figure 5.19.).

38



Si2p Mn3s Lils Mn3p
103
Residual STD = 12.1725

164

T T T T T T T T T T T T T T T T T T T T T
96 92 88 84 80 76
Bindina Enerav (eV)

Figure 5.19. An example for the XPS graphics of oxidized Li,MnSiO, samples.

Similar to the oxidation with ammonium, most of the Mn species are on the second
oxidation state while some Mn species also exist on the fourth oxidation state after
the reaction. Even though the same Jahn-Teller distortions are observed during the
lithiation/delithiation processes, it is possible to say that K,S,0g showed a better
performance, as an oxidizing agent, than the NHs due to the occurrence of higher

amount of Mn species on the fourth state of oxidation (Table 5.4.).

Table 5.4. XPS information of chemically oxidized Li,MnSiO,

Sample Mn 3s Oxidation State

BE (1) | BE(2) | AE

Li,MnSiO, oxidized by NH; | 804.10 | 89.92 5.8 2.28
LiMnSiO, oxidized by 1M 88.44 | 90.07 5.6 2.52
K2S;0sg

5.5 Electrochemical Oxidation/Delithation Results

Data obtained from the galvanostatic charge-discharge tests are used to calculate the
practical capacity of the cathode material. Instead of the theoretical amount shown in
the graphics, actual mass of the active materials are used for the capacity

calculations. Comparison of the results are done by using capacity(x) vs. potential(y)
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and cycles(x) vs. capacity(y) graphics. Highest capacity of each cycle for charging
processes and the lowest capacity of each cycle while discharging processes are also
compared.

5.5.1 Determination of the optimum carbon percentage for the cathode

materials in the batteries prepared using LiPF¢ electrolyte solutions

Highest capacity value observed for the batteries prepared with 10% C/Li,MnSiO,
and LiPF¢ (EC:DEC) electrolyte solution was 32.0 mAh/g while the highest capacity
value was 65.3 mAh/g for the batteries containing 10% C/Li,MnSiO, and LiPF¢
(EC:DMC) electrolyte solution (Figure 5.20. and Figure 5.21.). According to the
results LiPFs (EC:DMC) electrolyte solution provided a better performance than
LiPF¢ (EC:DEC) for the batteries prepared with 10% C/Li,MnSiO,.
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Figure 5.20. Comparison graphics of batteries containing 10% C/Li,MnSiO, and
LiPF¢(EC:DEC).
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Figure 5.21. Comparison graphics of batteries containing 10% C/Li,MnSiO, and
LiPF¢(EC:DMC).
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Consequently, observed charge-discharge performances were much lower than the

expectations for the batteries prepared with 10% C/Li,MnSiO,.

Highest capacity value observed for the batteries prepared with 15% C/Li,MnSiO,
and LiPFs (EC:DEC) electrolyte solution was 226.3 mAh/g while the highest
capacity value was 233.1 mAh/g for the batteries containing 15% C/Li,MnSiO, and
LiPFs (EC:DMC) electrolyte solution (Figure 5.22. and Figure 5.23.). According to
the results both of the electrolyte solutions provided similar performances for the
batteries prepared with 15% C/Li,MnSiO,. Even though the observed charge-
discharge performances were much better than that of the batteries prepared with

10% C/Li,MnSiO,, performances were still lower than the expectations.
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Figure 5.22. Comparison graphics of batteries containing 15% C/Li,MnSiO, and
LiPF¢(EC:DEC).
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Figure 5.23. Comparison graphics of batteries containing 15% C/Li,MnSiO, and
LiPF¢(EC:DMC).
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Highest capacity value observed for the batteries prepared with 20% C/Li,MnSiO,
and LiPFs (EC:DEC) electrolyte solution was 129.4 mAh/g while the highest
capacity value was 167.9 mAh/g for the batteries containing 20% C/Li,MnSiO, and
LiPFs (EC:DMC) electrolyte solution (Figure 5.24. and Figure 5.25.). According to
the results LiPF4 (EC:DMC) electrolyte solution provided a better performance than
LiPFs (EC:DEC) for the batteries prepared with 20% C/Li,MnSiO,. Consequently,
observed charge-discharge performances were also much lower than the expectations
for the batteries prepared with 20% C/Li,MnSiO,.
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Figure 5.24. Comparison graphics of batteries containing 20% C/Li,MnSiO, and

LiPF4(EC:DEC).
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Figure 5.25. Comparison graphics of batteries containing 20% C/Li,MnSiO, and

LiPF(EC:DMC).

Highest capacity value observed for the batteries prepared with 25% C/Li,MnSiO,
and LiPFs (EC:DEC) electrolyte solution was 293.6 mAh/g while the highest
capacity value was 331.9 mAh/g for the batteries containing 25% C/Li,MnSiO, and
LiPF¢ (EC:DMC) electrolyte solution (Figure 5.26. and Figure 5.27.). According to
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the results LiPF¢ (EC:DMC) electrolyte solution provided a better performance than
LiPF¢ (EC:DEC) for the batteries prepared with 25% C/Li,MnSiO,. Even though the
observed charge-discharge performances of the first cycles were very close to the
expectations for the batteries prepared with 25% C/Li,MnSiO,, cell capacity

decreased severely during the next cycles.
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Figure 5.26. Comparison graphics of batteries containing 25% C/Li,MnSiO, and
LiPF¢(EC:DEC).
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Figure 5.27. Comparison graphics of batteries containing 25% C/Li,MnSiO, and
LiPF4(EC:DMC).
Highest capacity value observed for the batteries prepared with 30% C/Li,MnSiO,
and LiPFs (EC:DEC) electrolyte solution was 340.0 mAh/g while the highest
capacity value was 294.0 mAh/g for the batteries containing 30% C/Li,MnSiO, and
LiPF¢ (EC:DMC) electrolyte solution (Figure 5.28. and Figure 5.29.). Even though
the charge-discharge performances of the first cycles were very close to the
expectations for the batteries prepared with 30% C/Li,MnSiO,, cell capacities

severely decreased during the next cycles.
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Figure 5.28. Comparison graphics of batteries containing 30% C/Li,MnSiO, and
LiPF¢(EC:DEC).
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It is observed from the charge-discharge performance comparison of the batteries

that, cell capacities are increased with the increase in the carbon content of the
cathode material (Li,MnSiO,) in the cells. As a result, 30% is determined as the
optimum carbon content for the cathode materials and 30% C/Li,MnSiQO, is used for

comparison of the performances of electrolyte solutions (Table 5.5.).

Table 5.5. Carbon contents vs. highest observed capacities

Carbon Content (%) 10 15 20 25 30
Highest Charging Capacity (mAh/g) 65.3 233.1 | 1679 | 331.9 | 340.0
Highest Discharging Capacity | 49.7 12255 | 7156 | 824 | 147.0
(mAh/g)
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5.5.2 Comparison of the electrolyte solution performances

Charge-discharge performances are compared for batteries prepared by using the
electrolyte solutions shown in the Table 4.1, except for the electrolytes containing
LiBOB due to the dissolution problems.

All of the batteries prepared by using the electrolyte solutions containing lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt showed very high performances for
the first cycles while galvanostatic charge-discharge tests, but the battery capacities
decreased dramatically starting from the second cycle. Thus it is possible to say that,
high capacities observed during the first cycles are a result of an undesired reaction
in the cells and do not represent the lithiation/delithiation capacity of the Li,MnSiO,
in the batteries (Figure 5.30.). As a result it is now known that the electrolyte
solutions containing LiTFSI salt, used in this study, are not appropriate to be used for

the batteries in which Li,MnSiO, is used as the cathode material.
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Figure 5.30. An example for the batteries prepared using 30% C/Li,MnSiO, cathode
material and an electrolyte solution containing LiTFSI salt.

When the electrolyte solutions which are prepared by using lithium perchlorate
(LiClO,) salt are compared, both LiCIO4(EC:DMC) and LiCIO.(TMS:EMC)
showed poor performances during the galvanostatic charge-discharge tests while
LiClIO4(EC:DEC) showed a relatively better performance (Figure 5.31.).

Performance comparison of the electrolyte solutions containing lithium
hexafluorophosphate (LiPF¢) salt have proved that, LiPFs(TMS:EMC) showed the
poorest performance during the galvanostatic charge-discharge tests. Furthermore,

despite of its lower capacity at the first charge-discharge cycle, LiPF4(EC:DMC)
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showed a slightly better performance than LiPF4(EC:DEC) for the rest of the charge-
discharge cycles (Table 5.6.).
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Figure 5.31. Comparison graphics of batteries containing 30% CCL Li,MnSiO, and
LiCIOL(EC:DEC).

Table 5.6. Capacity values of the batteries prepared using different electrolyte

solutions
Electrolyte Solution | Charging capacity Discharging Charging
of the 1% cycle capacity of the 1% | capacity of
cycle the 21 cycle

LiTFSI (EC:DEC) 291.8 mAh/g 17.8 mAh/g 3.6 mAh/g
LiTFSI (EC:DMC) 347.8 mAh/g 15.4 mAh/g 2.9 mAh/g
LiTFSI (TMS:EMC) 528.5 mAh/g 29.1 mAh/g 10.2 mAh/g
LiPF¢ (EC:DEC) 340.0 mAh/g 91.6 mAh/g 81.7 mAh/g
LiPF¢ (EC:DMC) 294.0 mAh/g 147.0 mAh/g 97.6 mAh/g
LiPF¢ (TMS:EMC) 158.1 mAh/g 142.4 mAh/g 68.1 mAh/g
LiClO, (EC:DEC) 236.1 mAh/g 122.8 mAh/g 87.1 mAh/g
LiClO, (EC:DMC) 72.7 mAh/g 31.6 mAh/g 10.4 mAh/g
LiClO, (TMS:EMC) 109.5 mAh/g 79.9 mAh/g 45.6 mAh/g

In conclusion galvanostatic charge-discharge tests proved that, LiPF¢(EC:DEC) and

LiCIO, (EC:DEC) electrolyte solutions showed similar performances to each other
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and better performances from the other electrolyte solutions; while the highest
stability as well as the best performance is observed for the LiPF4(EC:DMC)

electrolyte solution.

5.5.3 XPS result of the fully charged cathode material

Average oxidation state of manganese (Mn) is calculated as 3.80 from XPS analysis
of Li,MnSiO, particles after the first charging process (Table 5.7.). According to this
result, most of the Mn species are on the fourth oxidation state while some Mn
species also exist on the second oxidation state after the battery is completely
charged. In conclusion it can be said that, electrochemical oxidation/delithiation of
both of the lithiums from the cathode material (Li,MnSiO,) is possible with the

galvanostatic process.

Table 5.7. XPS information of electrochemically oxidized Li,MnSiO,

Sample Mn 3s Oxidation State

BE(l) | BE(2) | AE

30% CCL Li,MnSiO, 75.99 80.62 4.6 3.80
after charging process

5.6 DSC Results

Heat flow is examined related to the temperature change for 9 electrolyte solutions
using differential scanning calorimetry (DSC) analyses in order to examine reactivity
of solutions towards the Li,MnSiO, cathode material. Endothermic effects are
observed around 100°C (related to EMC, DEC & DMC) and around 260°C (related
to EC & TMS) for each sample due to evaporation of the solvents. Even though
LiClIO4(TMS:EMC) showed the optimum reactivity with the cathode material, salt
decomposition is observed above 300°C for all electrolye solutions contanining
LiClO,. Along with the salt decomposition; a big exothermic effect, related to
explosive behavior of the electrolyte solutions, is also observed for each solution
containing LIiCIO, salt. As a result it is proved that; LiCIOL(EC:DMC),
LiCIOL(EC:DEC) and LiCIO4(TMS:EMC) are not appropriate electrolyte solutions
for Li-ion batteries (Figure 5.32.). Relatively better stabilities are observed for the
electrolyte solutions containing LiTFSI salt, among which LiTFSI(TMS:EMC)
showed the best stability in the 25°C — 450°C temperature interval (Figure 5.33.).
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Figure 5.32. DSC comparison of the electrolyte solutions.

Afterwards, decomposition reactions of the electrolyte solutions under both argon
and air atmospheres are examined by DSC analyses. According to the results,
electrolyte decompositions were very similar under air and argon atmosphere for all
of the electrolyte solutions. It is also observed that, evaporation of almost all solvents
starts at slightly lower temperatures when the solutions are in contact with the
cathode material. Furthermore it is observed for the solutions containing LiClO, that,
exothermic effect is increasing in case of the interaction of electrolyte solutions with
Li,MnSiO,.Thus it can be said that, these electrolyte solutions are reactive towards
the Li,MnSiO, cathode material.

LITFSI(TMS,;EMC) vs sample
electrolyte vs Ar
electrolyte vs air

Heat Flow
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Figure 5.33. Degradation graphic of the most stable electrolyte solution
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6. CONCLUSIONS

XRD patterns of the pristine Li,MnSiO, and C/Li,MnSiO, composites proved that,
Pechini type sol-gel synthesis is a convenient method to produce Li,MnSiO, and
C/Li,MnSiO, nanoparticles. Crystallite sizes of the nanoparticles varied between 20

— 70 nm and the average crystallite size is calculated as 45 nm.

TG analyses proved that, water impregnation process is convenient to coat
Li,MnSiO, nanoparticles precisely with the desired amount of conductive carbon
layer. It is also observed from the XRD patterns that, water impregnation process do

not cause a damage or change the structure of Li,MnSiO, nanoparticles.

Even though active material percentage in the 30% C/Li,MnSiO, nanoparticles is
relatively lower due to the increasing amount of carbon and amount of adsorbed
water on the carbon layer, cells containing 30% C/Li,MnSiO, composite cathode
material showed the optimum performance during the galvanostatic charge-discharge
tests. This situation can be explained with the directly proportional relationship of
carbon percentages and conductivities since conductivity is increased with the

increase in the carbon amount of C/Li,MnSiO, nanocomposites.

Average oxidation state of manganese in the electrochemically oxidized 30%
C/Li,MnSiO, nanocomposites, taken from the completely charged battery, is
calculated as 3.8. Thus it is possible to say that, most of Mn exist in the 4" state,
along with a small amount of Mn on the 2" and 3" states, proving that both lithium
ions could be delithiated from the cathode material. Since complete delithiation of 2
lithium ions from the C/Li,MnSiO, nanoparticles is possible, reversible exchange of
up to two lithium ions per formula unit can be proved by examining the material after

further discharging and charging processes.

According to the DSC measurements, electrolyte solutions prepared with LiClO,
salts are not appropriate to be used for the lithium ion batteries containing
Li,MnSiO, cathode material, because of their explosive behavior. Furthermore it is

observed that, electrolyte solutions containing LiTFSI salt are relatively more stable
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towards C/Li,MnSiO, than the other electrolyte solutions while LiPFs(TMS:EMC)
electrolyte solution also showed a good stability. However best practical capacities
are observed for the cells containing LiPF¢(EC:DMC), LiPF¢EC:DEC) and
LiCIO4(EC:DEC) electrolyte solutions during the galvanostatic charge-discharge
tests. As a result it can be said that, despite of their good stabilities neither of the
LiTFSI(EC:DEC), LiTFSI(EC:DMC), LiTFSI(TMS:EMC) and LiPF¢(TMS:EMC)
electrolyte solutions have a wide enough electrochemical window for this study in
consideration of the required voltage range (1.5 — 4.8V) for delithiation of both

lithium ions from the structure.

All of the reactions, except the 30 minute long heat treatment and reactions with
K,S,0g for 24 hours and with NH;3 for 24 hours, caused a structure change or
amorphisation for the cathode material. XPS analysis after the 30 minutes long heat
treatment of Li,MnSiO, showed that, most of the the Mn is still on the 2" oxidation
state after the reaction thus the process is not useful to prove the reversible chemical
lithiation/delithiation for the cathode material. Average oxidation state of manganese
in Li,MnSiO, is calculated as 2.3 after the reaction with NH; for 24 hours and 2.5
after the reaction with K,S,0g for 24 hours. Thus it can be concluded that, some
amount of Mn exists in 3™ and 4" oxidation state after reaction of the cathode

material with K,S,Og.
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