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OZET

Anahtar kelimeler: Lityum-Siilfiir pil, kati elektrolit, Li7P3S11, LisN, MoSa,
Li13Alo3Ti17(PO4)s3

Bu tez calismasinda yiiksek iyonik iletkenlige sahip Li7P3S11 kati1 elektroliti
sentezlenerek tam kat1 hal lityum siilfiir pillerinin {retilmesi ve elektrokimyasal
performanslarinin gelistirilmesi amaglanmistir. Bu amagla tam kati hal pillerde
gozlenen temel problem olan kararsiz arayiizeylerin olusumunun engellenmesi
amaciyla, lityum metal yiizeyi LisN ve MoS; fazlar ile kaplanarak yapay kati
elektrolit araylizeyi olusturulmustur. Lityum ylizeyinin modifiye edilmesi ile elde
edilen anotlar, LizP3S11 ve siilfiir esash kompozitlerin sirasiyla kati-elektrolit ve katot
olarak kullanildig1r hiicrelerde elektrokimyasal testlere tabi tutularak elektrot-
elektrolit arayilizeyinin pil performansina etkileri gbézlenmistir. Bunun yani sira
yiiksek elektrokimyasal kararliliga sahip oksit esasli kati elektrolitlerin, iyonik
iletkenliklerinin arttirilmasi adina, yapida bulunan oksijen atomlarinin kismi olarak
stlfiir ile yer degistirmesi saglanarak daha diisiik lityum iyon difiizyon aktivasyon
enerjine sahip kati elektrolitler iretilmistir. Bu baglamda Liz3AlosTi17(PO4)3
(LATP) kat1 elektroliti stilfiir-amin Kimyasi ile katkilanarak elektrokimyasal
performansinin gelistirilmesi saglanmistir.

Bu tez c¢aligmasinda elektrot-elektrolit arayiizey kararlilik analizleri baslica
kronoamperometri ve kronovoltametri teknikleri ile gerceklestirilirken, olusturulan
pillerin  elektrokimyasal performanslarinin  belirlenmesinde  Elektrokimyasal
Empedans Spektroskopisi, Cevrimsel Voltametri ve Galvanostatik sarj-desar;j testleri
kullanilmistir.

Olusturdugumuz tam kati hal lityum-siilfiir pillerde, ylizeyi modifiye edilen lityum
metalinin anot olarak kullanildigi sistemlerde, elektrot-elektrolit arayilizeyinden
istenmeyen fazlarin olusmasinin engellenmesine bagli olarak ¢evrim testlerinde daha
diisiik kapasite kaybinin olustugu goézlenmistir. Bunun yani sira, yiiksek
elektrokimyasal ~dayanima sahip oksit esashi kat1 elektrolitlerin  iyonik
iletkenliklerinin arttirilmasina ydnelik yapilan ¢alismalarda siilfiir katkilanan
Li13AloaTir7(POs4)s kati elektrolitinde lityum iyon difiizyon aktivasyon enerji
bariyeri %10,1 diisiiriilerek 5,21x10™* S/cm iyonik iletkenlige ulasiimistir.

viii



SYNTHESIS OF SULFUR BASED SOLID ELECTROLYTES FOR
LITHIUM-ION BATTERIES AND INVESTIGATION OF
ELECTRODE-ELECTROLYTE INTERFACE

SUMMARY

Keywords: Lithium sulfur battery, solid electrolyte, Li;P3Si1, LisN, MoS,,
Li13Alo3Tiz7(PO4)3

This thesis aims to enhance the electrochemical performance of lithium-sulfur
batteries through the synthesis high ionic conductive Li7P3S11 solid electrolyte and its
adoption into an all-solid-state battery. An artificial solid electrolyte layer was
formed on lithium anode surface with LisN and MoS; phases to prevent the
formation of unstable solid electrolyte interfaces. All-solid-state batteries are
constructued where surface-modified lithium, LizP3S11 and sulfur based composites
were utilized as anode, solid electrolyte and cathode respectively. Besides, solid
electrolytes with low activation energy barrier with intrinsic electrochemical stability
were synthesized by doping sulfur into oxide based solid electrolytes to partially
replace oxygen atoms with sulfur. In this regard, Li13Alo3Ti17(PO4)3 (LATP) solid
electrolyte was doped with sulfur through sulfur-amine chemistry.

Stability of the electrode-electrolyte interface was analyzed by long-term
chronoamperometry and chronovoltammetry analyses where Elecrochemical
Impedance Spectroscopy, Cyclic Voltammetry and Galvanostatic Charge-Discharge
tests were conducted to determine the electrochemical performance of the batteries.

Our results indicate that surface modified Lithium anodes impart better
electrochemical stability and capacity retention upon cycling through preventing the
formation of undesired phases in the solid-electrolyte interface. Besides, our studies
focued on to develop high electrochemical window materials shows 10,1% decreased
lithium-ion difusion activation energy barrier with 5,21x10** S/cm ionic conductivity
in sulfur-doped LATP crystal structures.



BOLUM 1. GIRIS

Bir enerji kaynagi olarak fosil yakitlarin kullanimi diinyamiz {izerinde baslica iki
temel problem ortaya cikarmaktadir. Oncelikle fosil yakitlar simirsiz degildir ve
diinya iizerinde bu kaynaklarin homojen olmayan bir sekilde dagilmis olmasi tilkeler
arasit problemler olusturmaktadir. Bunun yami sira fosil yakitlarin kullanilmasi
kiiresel 1sinmaya sebep olarak diinyamizin ekolojik dengesini bozmaktadir. Bu
baglamda enerjinin temininde fosil yakitlarin yerine yenilenebilir enerji
kaynaklarinin ikame edilmesi onemlidir. Yenilenebilir enerji kaynaklarinin (riizgar,
giines, hidrotermal vb.) temel problemi ise bu kaynaklarin dénemsel olarak, enerjinin
kaynagi var oldukga, var olmasidir. Enerjinin verimli bir sekilde depolanarak ihtiyag

duyuldugu anda kullanilmasi ve bunun siirdiiriilebilir olmasi 6nem arz etmektedir.

Genel manada batarya teknolojileri, 6zelde ise lityum iyon pil teknolojisi giiniimiizde
enerji depolama sistemleri arasinda on plana ¢ikmaktadir. Lityum iyon pil
teknolojisinin Sony aracilifiyla giinliik yasantimiza girmesi Ozellikle elektronik
cihazlarin ¢ok giiclii bir sekilde yayginlagmasini saglamistir. Biitlin bu gelismelere
ragmen, Ozellikle daha yogun enerji talep eden sistemlerinde (elektrikli otomobil,
hava araglar1 vb.) lityum iyon pil teknolojileri ile hayata gegirilmesi konusunda

yogun ¢alismalar devam etmektedir.

Geleneksel lityum iyon pil teknolojisi anot ve katot olarak grafit ve oksit esash katot
sistemlerini icermektedir. Bu mimarideki pillerde olusan enerji yogunlugu 6zellikle
elektrikli otomobiller gibi sistemler i¢in arzu edilen enerji yogunluguna
ulagsamamaktadir. Bu baglamda lityum siilfiir piller sahip oldugu 1672 mAh/g teorik
enerji kapasitesi ve 2600 Wh/kg enerji yogunlugu ile 6n plana ¢ikmaktadir. Bunun
yani sira geleneksel lityum iyon pil teknolojisinde yer alan sivi elektrolitler, pilde

s1zint1 ve patlama riskleri, lityum dentrit olusumunu engelleyememe ve sahip



olduklar1 dar elektrokimyasal pencere araligi sebebiyle kullanilacak anot-katot

sistemlerini kisitlamak gibi problemlere neden olmaktadir.

Yiiksek iyonik iletkenlik gosteren siilfiir esash kati elektrolitlerin tiretilmesi lityum-
iyon pillerde sivi elektrolitlerin ortadan kaldirilarak tamamen kati bilesenlerden
olusan pillerin iiretilmesine olanak saglamistir. Ozellikle Kamaya ve ark. [1]
tarafindan sentezlenen Li1oGeP2S12 sahip oldugu 12 mS/cm iyonik iletkenlik degeri
ile kat1 pillerin potansiyel olarak iiretilebilirligini gostermistir. Kat1 elektrolitler
kullanilarak tiretilen lityum iyon pillerde yukarida belirtilen elektrolit sizintis1 ve alev
almasi, lityum dentrit olusumu gibi problemler ortadan kalkmaktadir. Bunun yani
sira kat1 piller daha siki paketlenmeyi saglayarak, sivi elektrolit igeren pillere gore

daha yiiksek enerji yogunlugunun elde edilmesine imkan saglamaktadir.

Kat1 elektrolitler ile iiretilen pil sistemlerinde, 6zellikle yiiksek iyonik iletkenlik
gosteren sistemlerin iiretilmesinden sonra, temel problem olarak lityum anot ile kati
elektrolit arasindaki diisiik 1slatma ve olusan kararsiz arayiizeyler kalmaktadir. Bu
problemlerin asilmasinda iyonik olarak iletken elektronik olarak ise yalitkan fazlari

igeren ara yiizeylerin yapay olarak kullanilmasi 6nerilmektedir.

Bu tez kapsaminda yiiksek iyonik iletkenlik gosteren LizP3Si1 kati elektrolitleri
sentezlenerek Li/Li7P3S11/ (S/Karbon siyahi/Li7P3Si11) pil hiicreleri olusturularak pil
performanslari aragtiritlmistir. Bunun yani sira bu pillerde LisN ve MoS; fazlar kati-
elektrolit ara ylizeyi olarak kullanilmis ve ¢esitli elektrokimyasal analiz
yontemleriyle pil performansi ve ara yiizey kararliligi incelenmistir. Son olarak, oksit
ve siilfiir esashi kat1 elektrolitlerde lityum iyon difiizyon mekanizmasi incelenerek
hem yiiksek iyonik iletkenlik gosteren hem de yiiksek elektrokimyasal dayanima
sahip kat1 elektrolitlerin {iretilmesi amaclanmistir. Bu baglamda oksit esash
Li13AloaTi17(PO4)s kati elektrolitleri tiretilerek siilfiir katkisi ile bu malzemelerin

iyonik iletkenlikleri gelistirilmis ve iyonik iletkenlik artis mekanizmasi sunulmustur.



BOLUM 2. LITYUM SULFUR PiLLER

Lityum-Siilfiir piller 1960’11 yillardaki kesfinden beri, sahip oldugu yiiksek teorik
kapasitesi sebebiyle enerji depolamada 6n plana ¢ikmaktadir. Lityum siilfiir pillere
yonelik ilgi, 1990’lh yillarda Lityum-iyon pillerin uygulanmaya baslamasi ile arka
planda kalsa da gilinimiiziin artan enerji talebiyle (elektrikli araglar, askeri

uygulamalar vb.) yeniden bir¢ok arastirma ¢alismasinin konusu olmaktadir.

Periyodik cetvelde 6A grubunda yer alan, dogada en yaygin bulunan 17. element
olan siilfiirli pil teknolojisi i¢in cazip kilan karakteristik 6zelligi sahip oldugu 1672
mAh/g (2500 Wh/kg) teorik enerji yogunlugudur. Bunun yani sira siilfiir yaygin
bulunmasi sebebiyle ucuz (1 ton yaklasik 150%) olan bir elementtir. Sahip oldugu
teorik enerji kapasitesi ile siilfiir, mevcut ticari elektrotlarin yaklasik sekiz kati enerji
saglayabilme kapasitesine sahiptir. Siilflir’ {in pillerde kullaniminin 6niindeki baslica
engeller, siilfiir ve siilfiirlii bilesiklerin yalitkan (~10%° S/m) olmasi ve sarj-desarj

esnasinda yaklagik %80 oraninda hacimsel genlesmeye ugramasi olarak siralanabilir.

Tipik bir lityum-siilfiir pilde anot olarak lityum metali yer alirken, katot olarak aktif
malzemesi stlfiir olan bir kompozit yapr kullanilmaktadir. Kompozit katotta

meydana gelen pil reaksiyonlar1 Bolim 2.1.’de verilmektedir.

2.1. Li-S Pil Reaksiyonlari

Sivi elektrolitlerin kullanildigi bir Li-S pil elektrokimyasi, standart lityum-iyon
pillerdeki interkalasyon-deinterkalasyon mekanizmasi yerine iki elektronlu redoks
reaksiyonu ile ger¢eklesmektedir. Sekil 2.1.’de bir lityum-siilfir pilde sarj ve desar;j
sirasinda meydana gelen reaksiyonlara isaret eden Cevrimsel Voltametri egrisi yer

almaktadir.
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Sekil 2.1. Lityum Siilfiir pil Cevrimsel Voltametri analiz egrisi ve desarjda olusan triinler [2].

Desarj reaksiyonlari ii¢ adimda gerg¢eklesmektedir.

a  Acik devre potansiyelinden yaklasik 2V’a kadar devam eden bu reaksiyonda
Ss-Li2S4 doniisiimii ger¢eklesmektedir. Toplam desarj siiresinin yaklagik 1/4’0
bu sirada harcanmaktadir.

b. Toplam desarj siiresinin yaklasik 1/4’tiniin harcandigi bu asamada da Li»Ss-
Li>S, doniistimii gergeklesmektedir.

c. Li2So-Li2S dontisimii  desarj egrilerinde egimli ¢ikan bu asamada

gerceklesmektedir.

Sarj reaksiyonlarinda ise;

a Bu asamada Li,S ylikseltgenerek oncelikle diisiik dereceli polisiilfit (Li2Sp,
Li2S4) yapilarina doniismektedir.

b. Bu asamada diisiik dereceli polisiilfit yapilar, daha yiiksek dereceli polisiilfit
yapilarina doniisiimiinii tamamlayarak en sonunda baslangictaki siilfiir yapisi

olan Sg formunaulasmaktadir.

2.2. Li-S Pillerde Karsilasilan Problemler

1. Lityum siilfiir pillerde karsilagilan baslica problem siilfiir ve polisiilfitlerin

elektronik ve iyonik yalitkan olmasindan kaynaklanmaktadir. Bu durum pilin



i¢ direncini arttirmakta, buna bagli olarak pilin polarizasyonu ve ¢evrim

verimi diismektedir.

2. Lityum-Siilfir pillerde (siv1 elektrolit kullanilan sistemlerde) karsilasilan en
temel problem mekik etkisidir (shuttle effect). Mekik etkisinde desarj
sirasinda katotta olusan uzun zincirli polisiilfitler (Li2Ss, Li2Se ve Li2Sa),
organik siv1 elektrolitler igerisinde ¢oziiniip separatorii gecerek lityum anot
tarafina dogru go¢ etmektedir. Burada anot ile reaksiyona giren uzun zincirli
polisiilfitler, Li2S ve kisa zincirli polisiilfit (Li2S2) yapilarina 1.1 ve 1.2

esitliklerinde verilen reaksiyonlar geregince indirgenirler.

2Li + LizSx= LizSx1+ LizS (1.1)

2Li + Li2Sx = Li2Sx2 + LixS» (1.2)

Li>S ve Li2S; s1vi elektrolitlerde ¢oziinmeyerek lityum anot yiizeyinde birikirler. Bu
durum pilde aktif malzeme kaybina sebep olmaktadir. Lityum stilfiir pillerde erken

donem calismalarinda gozlenen hizli kapasite kaybinin sebebi budur [3, 4].

Anotta biriken kisa zincirli polisiilfit yapilari, tekrar katot tarafina go¢ ederek burada
uzun zincirli polisiilfit yapilarin1 olusturmaktadir. Anot ile katot arasinda devamli
surette tekrar eden bu durum pilde aktif malzemenin yetersiz kullanimina, diisiik
kulombik verime ve lityum anodun yiizeyinin iletken olmayan bir yapiyla

kaplanmasina bagli olarak pil dmriinii hizla tiiketmektedir.

3. Lityum-Siilfir pillerde Kkarsilasilan bir diger problem «-Sg ve Li2S
doniistimiine bagli olarak olugsan hacimsel genlesme problemidir. Desarj
sirasinda iki lityum atomu ile birleserek LizS olusturan siilflir yaklagik %80
oraninda hacimsel genlesme yasamaktadir. Bu hacimsel genlesmeye bagl
olarak olusan gerilim ile Li>S taneleri parcalanmaktadir. Pargalanan Li>S

tanelerinin katottaki iletken matris ile baglantis1 kopmaktadir.



4. Lityum anot metalinin Fermi enerji seviyesi sivi elektrolitlerin Fermi enerji
seviyesinden daha yiiksektir. Bu durumda sivi elektrolit lityum metal
ylizeyinde indirgenerek kati1 elektrolit ara ylizeyi olusturmaktadir. Olusan ara
yiizey sarj swrasinda Li iyonlarmmin anot yilizeyinde birikmesini
zorlagtirmaktadir.

5. Lityum-Siilfiir pillerde anot tarafinda karsilasilan bir baska problem de lityum
anot metalinin dentritik biiyimesinden kaynaklanmaktadir. Dentritik biiyiiyen
lityum yapilar1 anotta efektif reaksiyon alanini kiicliltmenin yaninda akim
yogunlugunun lokalize olmasina sebep olmaktadir. Dentritik biiyliyen
yapilarin sivi elektrolitten gecerek katota ulasmasiyla pilde kisa devre
problemi olusmaktadir.

6. Lityum-Silfiir pillerin ¢alisma voltaji yaklasik 2,2V civarindadir. Bu voltaj
degeri mevcut ticari elektrolitlerin elektrokimyasal penceresi icerisindedir.
Buna bagli olarak lityum-siilfiir piller i¢in bir¢cok sivi elektrolit tercih
edilebilmektedir. Fakat pilin elektrokimyasal reaksiyonlari agisindan eter
bazli sivi elektrolitler daha iyi sonucglar saglamaktadir. Elektrokimyasal
reaksiyonlar acisindan avantaj saglayan eter bazli sivi elektrolitler diger
yandan polisiilfitleri en fazla ¢ozen elektrolitlerdir. Bu durum yukarida

bahsedilen mekik etkisine sebep olmaktadir.

Lityum-silfiir pillerde karsilagilan ve yukarida siralanan problemler genel olarak sivi
elektrolit kullanimindan kaynakli problemlerdir. Belirtilen problemlerin asilmasina
yonelik ¢ok farkli katot kimyalar1 denenmis[5,6] olsa da, yukarida siralanan
problemleri biitiiniiyle ¢ozen bir pil dizayn1 heniiz olusturulamamistir. Bu baglamda
kat1 elektrolit sistemler, lityum-siilfiir piller ve genel manada lityum iyon piller i¢in

alternatif bir sistem olarak karsimiza ¢ikmaktadir.



BOLUM 3. KATI PILLER

Kat1 piller, genel manada bir lityum-iyon pilde yer alan sivi elektrolitin (ve
separatoriin), iyonik iletkenligi yiiksek bir kati ile degistirilmesiyle, pilin sivi bir
bilesen icermeyen formda olusturulmasidir. Standart bir lityum-iyon pil hiicresine
gore, kat1 pillerde kullanilan kati elektrolitler hem sivi elektrolitin hem de

separatOriin yerini almaktadir.

- Separator = ANOT

&R

A
R

ELEKTROLIT &

SV KATI ELEKTROLIT

a) b)

Sekil 3.1. (a) Stvi elektrolit kullanilan ve (b) kat1 elektrolit kullanilan pile ait bilesenler.

Kat1 pillerde sivi elektrolitin yerine bir katinin kullanilmasi sadece pil dizayni
noktasinda degil pilin elektrokimyasal 6zellikleri baglaminda da degisikliklere yol
agmaktadir. Kati elektrolit kullanilarak olusturulan bir pilin siv1 elektrolitli bir pil

sistemine gore avantajlar1 asagida siralanmustir.
a) Pil patlama riski olusmamaktadir.
Lityum iyon pillerde sivi elektrolitlerin kullanildig1 sistemlerde pilde alev alma ve

patlama riskleri yasanmaktadir. Amerikan Federal Havacilik Yonetimi (FAA), 1991-

2018 yillar1 arasinda sadece ugaklarda ve hava alanlarinda 206 lityum iyon pil



patlamasi/alev almasit vakasit bildirmistir [7]. Pillerde olusan sizinti/alev
alma/patlama riskleri, cep telefonu, tablet gibi sistemlerde insan hayatini etkileyici
boyutlarda sonuclar ortaya ¢ikarmasa da 6zellikle otomobillere uyarlanacak pillerde
meydana gelebilecek bdylesi bir durum ¢ok daha hayati riskler ortaya ¢ikaracaktir.
Bu baglamda sivi elektrolit kullaniminda ortaya ¢ikan patlama riskinin tamamen
ortadan kaldirilmas1 gerekmektedir. Mevcut pil teknolojisinde bu ydnde alinan

Onlemler ise pil tasariminda ekstra maliyet ve zorluklar olusturmaktadir.

Bir lityum iyon pil hiicresi temelde bes bilesenden olusmaktadir; anot, Kkatot,
elektrolit, separatér ve akim toplayici. Bu bes bilesen icerisinde separatdr ve sivi
elektrolit yiiksek sicakliklara karsi daha az toleransa sahiptir. Bir pilde sicaklik 130-
150°C sicakliklara ulastiginda organik bilesenler kararliligini koruyamayarak daha
fazla 1s1 agiga cikaran (ekzotermik) reaksiyonlara ugramaktadir. Bu durumda kapali
bir sistem olan pilde 1s1 disar1 atilamayarak pil icerisinde termal stres

olusturmaktadir.

Genel olarak bir pilde, elektrot-elektrolit ara yiizeyinde olusan pasif film tabakasi
70°C civarinda bozunmaktadir. Bozunan pasif film tabakasi sonucunda, elektrot-
elektrolit temas1 gerceklesmesiyle olusan reaksiyonlar yanici hidrokarbon gazlarin

(Hz2, C2Ha, CoHe) agiga ¢ikmasina sebep olmaktadir [7, 8].

Kat1 elektrolitlerin kullanilmasi ile olusturulan bir pil hiicresinde, sizint1 ve patlama

riski tamamen ortadan kalkmaktadir.

b) Sivi elektrolitlerden daha uzun émiirlidiir.

Mevcut sivi elektrolitli bir lityum-iyon pilin émrii 2-3 sene civarindadir. Bu siire
elektronik cihazlarda kullanilan lityum-iyon piller i¢in kismen yeterli bir siire olsa da
(gelisen teknoloji ile cihazin yenilenmesi ihtiyaci ortaya cikmaktadir), ozellikle
otomobil gibi sistemlerde kullanilacak bir lityum iyon pil sisteminin yaklasik on yil
boyunca hizmet vermesi gerekmektedir. Lityum iyon pillerde pil 6mriinii belirleyen

(kisitlayan) faktorlerden biri de pilde meydana gelen yan reaksiyonlardir. Lityum



iyon pillerde yiiksek voltaj elde etmek amaciyla, giiclii yiikseltgeyici bir katot ile
gliclii indirgeyici bir anot kullanilmaktadir. Lityum iyon sivi elektrolit igeren bir
sistemde iyon transfer sayis1 ~0,5 ¢ikmaktadir. Bu durumda siv1 elektrolit icerisinde
iyon transferini saglayan Li* disindaki diger iyonlar anot ve katot ile reaksiyona

girerek elektrolitin yapisinin bozulmasina sebep olmaktadir [9].

Kat1 elektrolitlerde lityum iyon transfer sayisi birdir. Bu durum, pilde iyonik
iletkenligin tamamimn Li* iyonlar1 tarafindan saglandigimi géstermektedir. Pil
kimyas1 acisindan ise, bu durum, pilin Omriinii kisaltan yan reaksiyonlarin
gerceklesmedigini gostermektedir. Kati elektrolit ile olusturulan Ag/MesNIn(n=5,9)
sisteminde bu durumu gosteren ¢ok kiiciik 6z-desarj(self-discharge) raporlanmistir

[10].

€) Enerji yogunlugu daha fazladir

Kati elektrolit iceren sistemlerin enerji yogunlugu sivi elektrolit igeren sistemlerden
daha fazladir. Kat1 elektrolitler, bu 6zelligini asagida siralanan birkag farkli yonden

elde edebilmektedir.

1 Kati elektrolitler, siv1 elektrolitlerin elektrokimyasal penceresinin lizerindeki
yiuksek voltajli katotlar 1ile calisabilmektedir. Sivi elektrolitler, kati
elektrolitlere gore cok daha dar bir voltaj araliginda calisabilmektedir. Bu
durum sivi elektrolitlerin yiiksek voltaj degerlerinde (4-5V Li/Li") galisan
katotlarda kullanimin1 simrlayarak pilde yiiksek enerji yogunlugu elde
edilmesinin 6niine gegmektedir. Sivi elektrolitlerin tersine, kati elektrolitler
(6zellikle oksit ve polimer esaslilar) sahip olduklar yiiksek elektrokimyasal
pencere ile pilin yliksek voltajda ¢caligmasina olanak saglayarak yiiksek enerji

yogunlugu olusturabilmektedir.

2 Kat1 elektrolitlerin yiiksek enerji yogunlugu saglayabilmelerine imkan
saglayan diger bir ustiinliigii pil paketlenmesinde yatmaktadir. Sivi

elektrolitler i¢in daima sizint1 ve patlama riski bulunmaktadir. Bu baglamda
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her bir pil sizint1 yapma ihtimaline kars1 paketlenmek zorundadir. Bu durum
otomobiller igin tasarlanan pil sistemlerinde, kullanilan elektrolitin miktar1
sebebiyle ¢ok daha onemli bir problemdir. Araclar i¢in tasarlanacak bir pil
sisteminde yiiksek voltaj gerekmektedir. Yiiksek voltajin elde edilmesi
onlarca pilin seri baglanmasi ile saglanabilmektedir. Sivi elektrolitlerin
kullanildig1 bir sistemde her bir pil i¢in ayr1 paket gerekmektedir. Kati
elektrolitin kullanildig1 sistemde ise tek bir paket yeterli gelmektedir. Bu
durum birim alanda daha siki paketlemeyi saglayarak, kati elektrolitli
sistemlerin daha yiiksek gravimetrik ve volumetrik enerji yogunlugu

olusturabilmesini saglamaktadir.

= ‘/" 2N ; N + :
[l | __'\ ] _L [' ! Katot
Elektrolit Katot

Sekil 3.2. Sivi ve kat1 elektrolit igeren pillerin paketlenmesi.

Yukarida belirtilen durumun yani sira otomobiller i¢in {iretilen batarya sistemleri,
olusacak yiiksek sicakligi kontrol etmek amaciyla 1s1 kontrol iiniteleri barindirmak
zorundadir. Bu durum pilde sicaklik-kontrol sistemin kapladigi alan sebebiyle
hacimsel enerji yogunlugunu diisiirecektir. Kat1 elektrolit sistemlerin kullanildig1 bir
pil hiicresinde sicaklik, sivi elektrolit iceren sistemler kadar biiylik risk
olusturmamaktadir. Aksine kati elektrolitler belirli sicakliga kadar yiiksek
sicaklilarda daha yliksek iyonik iletkenlik saglamaktadir. Bu durumda kati
elektrolitler ile olusturulan pil sistemlerinde termal kontrol {initesi tamamen veya

kismen kaldirilarak pilin hacimsel enerji yogunlugu arttirilabilmektedir.

Avrupa Birligi tarafindan Ocak-2018’de gergeklestirilen “Avrupa Pil Hiicresi
Arastirma & Yenilik Calistay1” final raporunda sunulan pil teknolojisinin gelisim

beklentisi Tablo 3.1.’de verilmistir.
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Tablo 3.1. Cesitli lityum-iyon pil, anot ve katot sistemlerinin 6ngoriilen kullanim dénemleri.

) Tahmini kullanim
Hiicre kimyas1 )
dénemi

Jenerasyon 5 - Lityum-Hava

>2025

Jenerasyon 4 - Lityum anotlu kata piller

- Lityum-Siilfir

- Katot: Yiiksek Enerjili NCM,

Jenerasyon 3b Yiiksek Voltaj Spinel ~2025
- Anot: Silisyum-Karbon
- Katot: NCM622-NCM811

Jenerasyon 3a - Anot: Karbon (Grafit)+%5-10 ~2020

Silisyum

- Katot: NCM523-NCM622
- Anot: %100 Karbon

Jenerasyon 2b

- Katot: NCM 111
- Anot: %100 Karbon

Jenerasyon 2a Mevcut

- Katot: LFP, NCA
- Anot: %100 Karbon (Grafit)

Jenerasyon 1

Tabloda goriildiigii gibi 90-235 Wh/kg enerji yogunluguna sahip mevcut Li-iyon pil
teknolojisinin, 2025’li yillarda (Jenerasyon 3b) 350 Wh/kg degerine ulasmasi
beklenmektedir. 2025-2030 yillarinda ise kati pil teknolojisinin tamamlanmasi ile

(Jenerasyon 4) 500 Wh/kg enerji yogunluguna ulasilmasi 6ngoriilmektedir.

3.1. Kat1 Elektrolitler

Kat1 pillerin olusturulmasinda temel bilesen olan kat1 elektrolitler genis bir yelpazede

cok farkli kimyasal yapilarda tiretilebilmektedir. Her bir yapinin digerine gore belli
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avantaj ve dezavantajlara sahip oldugu baslica kat1 elektrolit sistemleri Tablo 3.2.’de

verilmistir.
Tablo 3.2. Kati1 elektrolit tiirleri ve 6rnek sistemler.
Kristalin LiGeP2512
Li7P3S11
XLizSZ(l-X)Pst
Siilfir esash )
XLi2S:(1-x)Al2Ss
Amorf ) .
XLi2S:(1-X)Si2Ss
Inorganik Kati LISICON: Li1sZn(GeOa)4
Elektrolitler Kristalin NASICON: LixAlx (Ge, Ti)2x(PO4)3
Oksit esasli PEROVSKIT: Lia«LaysxTiO3
GARNET: Li7L8.3ZI’2012
Amorf xLi20:(1-x)SiO2
XLizOZ(l-X)BzOg
Kristalin LisN
Nitriir esaslhi
Amorf LiPON
Kompozit Pasif iletken tizerinde polimer elektrolit PEO@TiO,, PAN@ZrO;
(Hibrit) . . ;
; Aktif iletken tizerinde polimer PEO @ NASICON
at1 .
Elektrolitler elektrolit PAN @ LISICON
Kati Polimer Kristalin PEOs:LiPFs
Elektrolitler
Amorf PEO

3.1.1. inorganik kati elektrolitler

Inorganik kat1 elektrolitler temelde siilfiir, oksit ve nitriir esasli olmak iizere, kristal

yapilarinin getirdigi avantajlar ile lityum iyonlarmin yapi igerisinde hizli hareketine

olanak saglayan kristalin veya amorf yapidaki sistemlerdir. Bu yapilarin yiiksek

iyonik iletkenlik gostermeleri, temelde kristal yapilarinin olusturdugu seklin bir

sonucu olarak, lityum iyonlarmin hareketine olanak saglayan tiinelsi yapilarin

olusmasiyla gerceklesmektedir. Tiinelsi yapilarin ¢ap1 lityum iyonlarinin boyutlar

mertebesinde olmak zorundadir. Bunun yansira yapi igerisinde lityum iyonlarini
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barindiracak, birbirleriyle baglantili ve es enerjili yer alan ve ara yer bosluklarinin
bulunmasi gerekmektedir. Yap1 igerisindeki mobil lityum iyonlar1 ile kristal yap1

arasindaki etkilesim de minimum seviyede olmalidir.

3.1.2. Silfir esash kati elektrolitler

Siilfiir esash kati elektrolitler temel bilesenleri Li2S ve P2Ss olmak {izere amorf veya
kristalin formda iiretilen cam seramik yapilardir. Cesitli kararli ve yari-kararh
fazlarin olustugu bu sisteme iki bilesenli olarak (Li2S-P2Ss) iiretilmesinin yani sira,
6A grubu metal siilfiirlerin (SiS2,GeS2,SnSz) veya 7A grubu lityum tuzlarmin (LiCl,
LiBr, Lil) gesitli amaglarla katilarak tiretildigi sistemlerdir.

Siilfiir esaslt cam seramik kat1 elektrolitlerin iiretiminde baslica ii¢ yontem

kullanilmaktadur. Tlgili {iretim yontemleri Sekil 3.3.’te sematik olarak verilmistir.

1. Cesitli solventler kullanilarak 1slak kimya yontemleriyle

2. Bilyeli degirmende mekanik aktivasyon ile

3. Dokiim yontemiyle

Argon
[Fwwd] [Pvnd | [Fvand | Il )
= g —
[Fond] [Pnd] [Fewd] ]
J Argon J,
v
Argon [Bw]] [Pad] [Fved]
[F] [ [F]
a) b) c)

Sekil 3.3. Siilfiir esasli kat1 elektrolitlerin tiretim yontemleri sematik goriiniimii (a) Islak kimya yontemi, (b)
Dokiim yontemi ve (c) Mekanik aktivasyon yontemi.
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Yukarida siralanan iiretim yontemlerinden 1slak kimya yontemi diger yontemlere
gore daha ucuz ve hizli olmakla beraber, 6zellikle kullanilan solventin tam olarak
giderilememesine bagli olarak olusan iiriinlerde iletkenlik diger yontemlere gore
daha diisiik ¢ikmaktadir. Dokiim ile iiretim yonteminde ise, tozlar oncelikle kuartz
tip igerisinde kapatilarak firinda ergiyene kadar bekletilmektedir. Elde edilen
ergiyik, buzlu su igerisinde hizla sogutularak iiretim tamamlanmaktadir. 750-900 °C
bandinda ergitilen tozlar hizla sogutularak yar1 kararli fazlar elde edilmektedir.
Minami ve ark. [11] dokiim yontemi ile 750 °C'de iirettigi kat1 elektrolit sisteminde
2,1x10" ® S/cm iyonik iletkenlik elde etse de, gerek sistemin maliyeti ve iiretim
zorlugu gerekse de empiirite Li4sP2Se fazinin kolayca olugmasi bu yontem ile {iretimi

kisitlamaktadir.

3.1.2.1. iki bilesenli (Li2S:P2Ss) siilfiir esash kat1 elektrolitler

Iki bilesenli siilfiir esasli kat1 elektrolitler Li»S:P2Ss bilesenlerinden olusmaktadir.
XLi2S:(1-x)P2Ss formiiliindeki bu yapilar x=70 ve 75 bilesimlerinde, sirasiyla bu tez
caligmasma konu olan LizP3S11 ve LisPSs siiper iyonik iletken kati elektrolitleri
olusturmaktadir. Bu iki sistem arasindan LizP3S11 yiiksek iyonik iletkenligi ile 6n
plana ¢ikarken (1,7x102 S/cm), LisPSs lityum anot metali ile uyumu nedeniyle tercih
edilen kat1 elektrolitlerdir.

LisPSa: 75Li2S:25P,Ss bilesiminde iiretilen LisPS4 ortorombik kristal yapisindadir.
PS4 tetrahedronlart ve LiOg oktahedronlari igeren sistemin sematik goriinimii Sekil

3.4.’te verilmistir.
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Sekil 3.4. LisPSaskristal yapisi sematik goriiniimii.

Li3PSs tiretimi baslica iki yontemle gerceklestirilmektedir. Islak kimya yontemiyle
yapilan tiretimlerde Li>S-P2Ss ve N-methylformamide (NMF) ile yapilan iiretimde

[12] iyonik iletkenlik 2,6x10° S/cm olarak bulunurken, Li>S-P,Ss ve Etil Asetat ile
yapilan iiretimde[13] iyonik iletkenlik 3,3x10* mS/cm olarak belirtilmistir. Islak
kimya ile yapilan iretimlerde {iiretim siiresi ve maliyeti diigse de, kullanilan
solventlerden gelen empiiriteler ve yapida olusan ikincil fazlar iyonik iletkenligi
diistirmektedir [14]. Mekanik aktivasyon ile yapilan iiretimlerde Li>S-P2Ss 6ncelikle
gezegensel bilyeli degirmende amorf hale getirildikten sonra uygun kristalizasyon
sicakliginda kristallendirilmektedir. Mekanik aktivasyon ile yapilan iiretimlerde
iretim siiresi ve maliyet noktasinda artis olmakla beraber iyonik iletkenlikler farkli
calismalarda 5x10% S/cm [15] ve 1,6x10% S/cm [16] olarak raporlanmustir.
Muramatsu ve ark. [17] xLi2S-(100-x)P2Ss ikili sisteminde x=67, 70, 75, 80 i¢in hava
ile temasinda agiga ¢ikan H»S incelemelerinde LisPSs (Xx=75) sistemi en diisiik HoS
¢ikaran sistem olmustur. Bu baglamda LisPS4, Li2S-P2Ss ikili sisteminde hava ile
temasinda yapist en az bozulan sistem olmaktadir. Muramatsu ve ark. [17] LisPSs
sisteminde 1,9 x 10 S/cm olarak 6l¢tiikleri iyonik iletkenligi 7 giin sonunda 1,5x10*

S/cm olarak 6lgmiistiir.
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Sekil 3.5. Siilfiir esasli kati elektrolitlerde stokiometriye bagl olarak hava ile temasta ¢ikan H2S gazi miktar1 [17].

3.1.2.2. Uc bilesenli (Li2S:P2Ss:MeS2 [Me: Ge, Si, Sn]) siilfiir esash kati

elektrolitler

Kamaya ve ark. [1] tarafindan iiretilen Liio0GeP2S12 (LGPS) kat1 elektrolitinin oda
sicakliginda gosterdigi cok yiiksek iyonik iletkenlik (12 x 10 mS/cm) ii¢ bilesenli
kat1 elektrolitlerin {iretilmesinde en 6nemli adim olmustur. Bu kati elektrolit yalniz
cok yiiksek iyonik iletkenlik gostermesi bakimindan degil, ayni zamanda iyonik
iletkenlik mekanizmasindaki farklilik tarafindan da degerlidir. Bu kati elektrolitin
tiretilmesi ii¢ bilesenli siilfiir esash kat1 elektrolitlerin iiretilmesinde, diger bircok

caligmay1 tetikleyen unsur olmustur.

LGPS kristal yapisi Sekil 3.6.°da verilmistir. LiSe oktahedronu ile (Ge/P)S4
tetrahedronlarinin bir zincir olusturdugu sistem, yatayda PS4 tetrahedronlan ile
birbirine baglanmaktadir. Yapida olusan tiinelsi aglar sayesinde lityum iyonlarinin tek
eksende ¢ok hizl iletildigi belirlenmistir. LGPS sahip oldugu (12x10% mS/cm)
iyonik iletkenlik ile mevcut karbonat bazli sivi elektrolitler mertebesinde iyonik
iletkenlik  gostermektedir. Lityum 1iyonik transfer sayist g6z Oniinde

bulunduruldugunda ise (kati elektrolitlerde ~1 iken siv1 elektrolitlerde ~0,5) LGPS
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sisteminin sivi elektrolitlerden daha yiiksek iyonik iletkenlige sahip oldugu

goriilmektedir.

(Ge/P)S,
LiS,
1D chain

(Ge/P)S,

LiS, (.

Sekil 3.6. Li1oGeP2S12 kristal yapisi sematik goriinimii [18].

LGPS yapist ¢ok yiiksek iyonik iletkenlik gostermekle beraber sentezinde kullanilan
GeS; bu malzemenin iiretim maliyetini olduk¢a arttirmaktadir [Li2S (10 gr ~200 €),
P2Ss (100 gr ~30 €), GeSa2(5 gr ~320 €)]. LGPS yapisinin maliyetini azaltma
noktasinda Bron ve ark. [19] LGPS ile ayn1 stokiometri de GeS: yerine SnS» (10 gr

~170 €) kullanarak, Li1oSnP2S12 (LiSnPS) iiretmis ve iyonik iletkenligi 4x10° mS/cm
olarak dlgmiistiir. GeS: yerine SnS; degisimi ile iyonik iletkenlikteki diisiise ragmen
iretim maliyeti iki kat azalmaktadir. Whiteley ve ark. [20] GeS; yerine kullandigi
SiS; ile iirettigi Li1oSiP2S12 yapisinda 2,3x10° mS/cm iletkenlik degerine ulasmustir.
Bron ve ark. [21], LiwoMeP2Si2 (Me=Ge,Sn,Si) ve Li1oSio3Sne7P2S12,
Li10.3Alo3Sno7P2S12 sistemlerinde gergeklestirdikleri karsilastirmali ¢alismada ilgili
sistemlerde tane i¢i ve tane smir1 empedanslarinin ciddi degiskenlik gdsterdigini
belirleyerek, sistemler arasi iletkenlik farkliliklarmni agiklamustir. lgili sistemler igin

elde edilen empedans egrileri Sekil 3.7.’de verilmistir.
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Sekil 3.7. Ug bilesenli (Li2S:P2Ss:MeS2 [Me:Ge,Si,Sn]) siilfiir esash kat1 elektrolitlerde empedans analiz sonuglar
[22].

Siilfiir esasli kati elektrolitlerde tane sinir1 empedansi ¢ok diisiik oldugundan

empedans egrilerinde gozlenememektedir. Tane sinir1 empedansini agiga ¢ikarmak

amactyla empedans testi ¢ok diisik sicakliklarda (-130°C, -140°C)

gergeklestirilmistir. Farkli kat1 elektrolitler i¢in gergeklestirilen bu testte elde edilen

tane i¢i ve tane siiri empedanslar1 Tablo 3.3.’de verilmistir.

Tablo 3.3. Siilfiir esasl kat1 elektrolit sistemlerde aktivasyon enerjisi bariyeri ve iletkenlik.

Ea [eV] Iletkenlik [mS cm™]
Li10Si0.3Sng.7P2S12 Tane 0,29 13
Tane 0,29 8
Lii0.3Alo3Sng.7P2S12 Tane smur1 0,29 -
Toplam 0,29 2

LiloSanslz Tane 0,31 9
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Tablo 3.3. (Devami)

Tane 0,30 17
LiioGeP,S1» Tane Smir1 0,31 -
Toplam 0,30 9
Li1oSiP2S12 Toplam 0,30 2

Li10SiP2S12 yapisinda olgiilen toplam iyonik iletkenlik sadece 2 mS/cm olmasina
ragmen hesaplamali ¢alismalar [23], bu yap1 i¢in LGPS yapisindan daha yiiksek
iyonik iletkenlik ongoérmektedir. Yiiksek tane sinir1 empedansi ve yapida olusan
diisiik iyonik iletkenlige sahip ortorombik empiirite faz1 sistemin iyonik iletkenligini

siirlandirmaktadir.

3.1.2.3. Ug bilesenli (Li2S:P2Ss:MeS2 [Me: Ge, Si, Sn]) siilfiir esash kat1

elektrolit sistemlerinde ara-yiizey probleminin olusumu

Kati elektrolit sistemlerde, anot-elektrolit ara yiizeyinin iyonik olarak iletken,
elektronik olarak ise yalitkan olmasi gerekmektedir. Ara yilizeyde olusan fazin
elektronik olarak iletken olmasi durumunda kati elektrolit siirekli indirgenecek, anot

ise stirekli yiikseltgenerek tiikenecektir.

N Y

+

Li Li —_— Li]nGEPzSu

- %
~

ANOT ARA KATI ELEKTROLIT KATOT

: YUZEY

Sekil 3.8. Kat1 elektrolitlerde arayiizey olusumu ve 6zelliklerinin sematik goriiniimii.
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Wenzel ve ark. [24], lityum anot metali ile LGPS ara yiizeyinde XPS ile yaptig1
incelemede ara yiizey olusumu i¢in Esitlik 3.1.’de verilen denklem uyarinca Li2S,

LisP ve LiisGes fazlariin olusumunu belirlemislerdir.

Li10GeP2S12 + 23.75Li = 12Li»S + 2Li3P + 0.25Li15Geq (3.2)

LGPS kat1 elektrolitinin Lityum anot ile kullaniminda olusan fazlardan Li>S ve LisP
elektronik iletken degilken, LiisGes fazi elektronik olarak iletkendir. Bu durum
yukarida belirtildigi lizere lityum metalinin siirekli yiikseltgenerek tiikkenmesine ve
ara yiizeyin biiylimesine sebep olacaktir. Nitekim Wenzel ve ark.[25] zamana bagli
empedans ve XPS analizlerinden elde ettigi sonuglar ile LGPS igin bir yilsonunda
370 nm kalinhiginda ara yiizey olusumunu belirlemistir. Ayni ara yiizey olusumu

Li7P3S11i¢in ise sadece 23 nm kalinligindadir.
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Sekil 3.9. LiioGeP2S12 ve LizP3S11 kati elektrolitlerinde zamana bagh ara yiizey kalinligmin ilerlemesi ve
empedans analizi [25].

Wenzel ve ark. [25] benzer bir c¢aligmayr Li7P3S11 kati elektroliti igin
gerceklestirdikleri caligmada ara yiizeyde olusan fazlarin Esitlik 3.2.°de verilen

denklem uyarinca gergeklestigini belirlemislerdir.

Li7P3S11 + 24Li = 11Li,S + 3Li3P (3.2

Bu ara yiizeyde olusan fazlarin LGPS kati elektrolitinde olugsan LiisGeq4'lin tersine
elektronik olarak iletken olmadiginin belirtmektedir. Bu durum LGPS yapisina gore

daha kararli bir ara yiizeyin olusumuna sebep olmaktadir. Sekil 3.10.’da Li7P3S11 kat1
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elektroliti ile olusturulan bir pilde (Li | Li7P3S11| Li) ara ylizey tabakasinin ve kati
elektrolitin empedans degisimi verilmistir. Olusturulan pilde empedansin 12 saat
sonunda sabit kaldig1 gézlenmektedir. LGPS yapisinin aksine pilde biiyiiyen bir kati
elektrolit-anot ara yiizeyi olusmasa da yaklasik 2,3 nm kalinliginda Li>S ve LisP

fazlarindan olusan bir ara yiizeyin olustugunu belirtmistir.
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Sekil 3.10. LizP3S11 kati elektrolitinde araylizey kalinliginin zamana baglh gelisimi [26].

3.1.2.4. Ug bilesenli (Li2S:P2Ss:Lix [X= Cl, Br, I)) siilfiir esash katielektrolitler

LioS:P2Ss sistemine 7A grubu halojenlerinin lityum tuzlari (LiCl, LiBr ve Lil)
eklenmesi ile argyrodite kristal yapida LisPSsX (X=CI, Br, I) bilesimleri
sentezlenmektedir. Argyrodite kristal yapidai LisPSsX bilesiminin kristal yapisinin

sematik goriiniimii Sekil 3.11.°de verilmistir.
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Sekil 3.11. Argyrodite kristal yapidaki LisPSsX (X=Cl, Br, I) kat1 elektrolitlerin kristal yapisi.

Kiibik argyrodite kristal yapidaki bu bilesimlerde raporlanan iyonik iletkenlik
Li>S:P2Ss sisteminden bir miktar daha diisiik olsa da (1,33 mS/cm), bu sistemler
ozellikle elektrokimyasal pencerelerinin biiyiikliigii ile 6n plana ¢ikmaktadir [27].
7V'a kadar elektrokimyasal pencerenin elde edildigi bu sistemlerde, LigPSsl sistemi

10V ile en yiiksek elektrokimyasal pencereye sahip olan sistemdir (Sekil 3.12.).

0.8/
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Sekil 3.12. LiePSsX (X=Cl, Br, I) kat1 elektrolitlerin elektrokimyasal pencere analizi [27].

LigPSsX sistemlerinde iiretim, iki bilesenli Li2S:P2Ss ve li¢ bilesenli Li2S:P2Ss:MeS;
sistemlerinden farklidir. LigPSsX sistemlerinde iiretim, bilyeli degirmende yiiksek
devir hizlarinda gergeklestirilen mekanik aktivasyon ve devaminda kristaliniteyi

arttirmak amacli 1s1l islem ile gergeklestirilirken, diger iki sistemde iiretimler bilyeli



23

degirmende amorf hale getirilen tozlarin 1si1l islem ile kristallendirilmesiyle

gergeklestirilmektedir.

Rao ve ark. [28], LisPSsX (X=ClI, Br, I) sistemleri i¢in iyonik iletkenlikleri CI, Br ve
| bilesimlerinde 1,9x1073, 6,8x1073, ve 4,6x107S/cm olarak belirlemislerdir.
Boulineau ve ark. [27] aym sistemler i¢in iyonik iletkenlikleri 4,6 x 107#, 62x10™ ve
1,9x10™* S/cm olarak &lgmiistiir. LiCl ve LiBr katkilanan sistemlerde iyonik
iletkenlik yapidaki kristalin fazlar tarafindan saglanirken, Lil katkilanan sistemlerde

iyonik iletkenlik yapidaki amorf fazlar tarafindan saglanmaktadir.

3.1.25. Li2S:P2Ss temelli siilfiir esash diger katielektrolitler

Li>S:P2Ss esasli kati elektrolitlerin gelistirilmesinde yukarida belirtilen sistemlerin
disinda farkli ¢aligmalarda, c¢ift metal katkisi, metal+halojen, P2Os katkisi gibi
etkileri incelenmistir. Zhou ve ark. [22], Li1oAlIP2S12 sisteminde 0,8 mS/cm iyonik
iletkenlik degerlerine ulagsmistir. Bunun yanisira Ozellikle Germanyum ile ayni
kolondaki Si ve Sn katkilar1 ¢alisiimaktadir. Ozellikle Li1oSio3Sno.7P2S12 sisteminde
tane smir empedansinin ¢ok diisiik oldugu Dbelirtilmektedir. Metal+Halojen
katkilanan sistemlerde Kato ve ark. [29] Lig54Si1.74P1.44S11.7Clo3 sisteminde bugiine
dek raporlanmis en yiiksek iyonik iletkenlige 2,5%107% Scm™! ile ulasmustir. Elde
edilen iyonik iletkenlik mevcut sivi1 elektrolitlerin iletkenliginden daha fazladir. Elde
edilen yiiksek iyonik iletkenligin, Li10GeP2S12 kristal sistemini bozmadan, katkilanan
elementlere bagl olarak lityum iyon diflizyonun LiioGeP2S12 sisteminde oldugu gibi
iki boyutlu tiinelsi yapilar yerine ii¢ boyutlu yapilarla saglandigi belirlenmistir (Sekil
3.13)).
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M@Ad)X, Li(4d) X P(2b)X

(M=PorSi;X=SorCl)
\ Li(16h), Li(8f) Li(4c)

Sekil 3.13. Lig.54Si1.74P1.44S11.7Clos kat1 elektrolitinde kristal yap1 ve lityum iyon diflizyon kanallari [29].

Xu ve ark. [30], Metal+Halojen katkist ile olusturdugu LizP29Mno1Si0.7l0.3 kati
elektrolitinde 5,6 x 10 S/cm iyonik iletkenlige ulasmustir. Elde edilen yiiksek iyonik
iletkenlik, Mn ve I katkis1 ile bosluk ve kusurlarin artmasi ve lityum iyonlarinin

hareket ettigi tiinelsi yapilarin genislenmesine baglanmistir.

Siilfiir esash kati elektrolitlerin, hava ile temasinda yapi, hidroliz reaksiyonu ile
bozunarak zararli HoS gazi olusmaktadir. Farkli bilesimlerdeki xLi2S:(100-x)P2Ss
sistemlerinde hava ile temasinda en az HS olusumu LisPSs sisteminde
gozlenmektedir [31]. LisPSs kristal yapisi diger Li2S:P2Ss bilesimlerinin tersine
tamamen PSs3 tetrahedronlarindan olusmaktadir. Bu durum sistemi diger
bilesimlerin aksine hava ile temasinda daha kararli kilmaktadir. Cesitli metal
oksitlerin (Li2O, ZnO, Bi20s) kullanilmasi ile PSs2 tetrahedronlarindaki P-S
baglarinin daha kuvvetli P-O baglarina ¢evrilmesi, kat1 elektrolitlerin hava ve genel
olarak aktif metaller ile temasinda kararlilig1 arttirmakla birlikte iyonik iletkenligi
diismektedir. Ohtomo ve ark. [32], H2S olusumunu en az goézlemledigi xLil-(100-
x)(0,07Li,0-0,68Li,S-0.25P;Ss) sisteminde maksimum iletkenligi 1x10° S/cm olarak
Olemiistiir. LisPS4 yapisina Lil, LiCl, and P20Os katkilana sistemlerde H2S olusumu en
az saf LisPS4 ve P2Os katkilanan LisPS3900.1 sistemlerinde gergeklesmistir [33].



25

3.1.3. Oksit esash kati elektrolitler

Oksit esasli kat1 elektrolitler Tablo 3.2.’de belirtildigi tizere amorf ve kristalin formda
olusan yiiksek iyonik iletkenlikleri (~104-10° S cm™) yaninda elektrokimyasal
dayanim gosteren sistemlerdir.  Amorf xLi2O:(1-x)SiO> ve xLi20:(1-x)B20s
sistemleri yami sira, kristalin formdaki LISICON (Li14Zn(GeOs)s), NASICON
(Liz+xAlx(Ge,Ti)2x(POs)3), PEROVSKIT (LizxLazz«xTiO3) ve GARNET

(LizLasZr2012) yapilarinda olusmaktadir. ilgili sistemler arasinda, NASICON Kkristal
yapidaki Liz+xAlxTi2x(POa4)3 yiiksek iyonik iletkenlikleri sebebiyle en fazla ¢alisilan

sistemi olusturmaktadir.

3.1.3.1. Liz+xAlxTi2x(PO4)3 (LATP) Kristal yapisi ve sentezi

LATP, LiTi2(PO4)s kristal yapisina aliiminyum atomlarmin katkilanmasi ile
olusturulan NASICON kristal yapidaki sistemi belirtmektedir. Rombohedral kristal
simetrisindeki LATP a=b=8,62274 A, c=21,08164 A latis parametreleri ve 0=p=90°,
vy=120° latis agilarina sahiptir. LATP kristal yapisina ait sematik goriinim Sekil

3.14 ’te verilmistir.

Sekil 3.14. LATP kristal yapist sematik goriiniimii.

Rombohedral kristal yapidaki LiTi2(POas)3, bir adet oksijen atomunu ortak kullanan
(PO4)3 tetrahedronu ile (TiOs) oktahedronlarinin tekrarli olarak dizilmesi ile

olugmaktadir. Yapiya katkilanan aliiminyum atomlari, titanyum ile yer alan atomu
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olarak yer degistirmektedir. Ti** iyonlarinin Al*® iyonlari ile yer degistirmesiyle,
yapida yiik dengesinin olusabilmesi i¢in iki adet Li* iyonu agiga ¢ikmaktadir. Olusan
lityum iyonlar1 hem lityum iyon konsantrasyonunu arttirarak hem de 36f, 18e, 12c
gibi Wyckoff pozisyonlarina yerleserek lityum iyon difiizyonunu kolaylastirmaktadir.
Liz+xAlxTi2x(POas)3 yapisinda iiretilen LATP’de x=0,3, 0,4 ve 0,5 olacak sekilde
farkli katki oranlar1 caligilmaktadir. Literatiirde raporlanan en yiiksek iyonik

degerlerine x=0,3 stokiometride ulasilmaktadir.

LATP cam-seramiklerin iiretiminde kullanilan baslica teknikler ise mekanik
aktivasyon, dokiim ve sol-jel metotlaridir. Uretim ydntemine gére her biri avantaj ve
dezavantajlar barindirmakla beraber, genel olarak dokiim yontemi daha hizli iretime
olanak saglarken iletkenlik ©zellikle tane smir empedanslarinin yiiksek ¢ikmasi
sebebiyle daha diisiiktiir. Sol-jel yontemiyle yapilan tiretimler daha saf iiriin eldesini

saglarken, 6zellikle liretim prosesinin uzunlugu dezavantajini olusturmaktadir.



BOLUM 4. KATI ELEKTROLITLERDE IYONIK DIiFUZYON
MEKANIZMASI

Katilarda iyonik difiizyon, malzemede bir veya birden fazla iyonun kati icerisindeki
hareketini icermektedir. ideal kristalin yapidaki bir malzemede iyonlarin malzeme
icerisinde hareket etmelerine imkan saglayacak bosluklar bulunmaz. Mevcut atomlar
aras1 mesafeler ancak atomlarin titresim hareketine imkan verecek mertebededir.
Katilarda iyonik diflizyonu miimkiin kilan mekanizma, mutlak sifir {izerinde her
sicaklikta var olan, atomik bosluklardir. Mutlak sifir derecede (0 °K veya -273,15°C)
bir sistemin serbest enerjisi, atomlar arasi elektrostatik etkilesimlerden olusan
potansiyel enerji ile betimlenirken, sicaklik arttikca sistemin serbest enerjisinde
entropi daha baskin olmaktadir. Mutlak sifir derecenin iizerindeki sicakliklarda
sistemin enerjisini minimum hale getirmesinin (entropiyi arttirmasinin) bir sonucu

olarak atomik bosluklar ve diizensizlikler ortaya ¢ikmaktadir.

Iyon hareketliligi agisindan malzemedeki noktasal kusurlardan ikisi énem arz
etmektedir. Bunlardan Schottky kusuru olarak adlandirilan mekanizma, malzeme
icerisinde bir anyon-katyon ¢iftinin bulunmayarak latis pozisyonlarinda bosluk
olugsmast durumudur. Bir iyonun mevcut latis pozisyonundan uzaklasarak bir
arayer’e girmesi neticesinde olusan kusur ise Frenkel kusuru olarak
adlandirilmaktadir. Schottky ve Frenkel kusurlarinin iyonik diflizyon agisindan
onemi arkalarinda biraktiklart bos latis pozisyonlaridir. Bu kusurlara yakin
pozisyondaki bir bagka iyon (Li* gibi), mevcut pozisyonunu ziplama (hopping) ile
terk ederek Schottky ve Frenkel kusurlarinin arkalarinda biraktiklart pozisyonlara

yerlesebilirler.
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Katilarda iyonik iletkenligi etkileyen baglica dort faktér bulunmaktadir. Bunlar;

- Yiik tasiyicilarin(iyonlarin) konsantrasyonu
- Bosluk sayis1

- Sicaklik

- Aktivasyon enerjisidir.

Bir iyonun latis igerisinde bir pozisyondan baska bir pozisyona ziplamasi i¢in agmasi
gereken serbest enerji bariyerini ifade eden aktivasyon enerjisi, katilarda iyonik
difiizyon icin en Onemli faktordiir. Esitlik 4.1.’de verilen Arrhenius ifadesi ile
belirlenen aktivasyon enerjisi, katilarda hizli iyon difiizyonunun gerceklesebilmesi
icin diislik olmalidir. Bu aktivasyon enerji bariyeri oksit esasli kat1 elektrolitlerde 40-
50 meV mertebesindeyken, siilfiir esashi kati elektrolitlerde 20-30 meV

mertebelerindedir.

—Ea 4.2)
0 = NcexXp (m_)

Esitlikte 0, ne, kKo ve T ile sirasyla iyonik iletkenlik, bosluk konsantrasyonu,
Boltzman sabiti ve sicaklik ifade edililirken, Ea aktivasyon enerji bariyerini

belirtmektedir.
4.1. Klasik Iyon Difiizyon Modeli

Katilarda klasik iyonik difiizyon modeli bir iyonun kristal sistem icerisinde br latis
noktasindan digerine ziplamasi (hopping) ve bu hareketin baglantili latis noktalariyla

uzun mesafeli olarak gerceklesmesiyle agiklanmaktadir.

Sekil 4.1.°de tek iyon ve ile iki iyon'un birlikte gerceklestirdikleri bir difiizyon
hareketi ve buna bagli olarak ortaya ¢ikan enerji bariyeri goriilmektedir. Tek iyon
hareketinde bir iyon (kirmizi renk ile gosterilmistir) bulundugu latis pozisyonundan,

bos olan diger bir pozisyona gegmektedir. Bu gecis sirasinda ¢evresindeki atomlari
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(mavi renkli atomlar1) bir miktar uzaklastirmak i¢in harcanan enerjiye bagl olarak
enerji bariyeri ortaya ¢ikmaktadir. Wang ve ark. [34], tek iyon difiizyonunun aksine,
birka¢ iyonun birlikte hareketi ile olusan difiizyonun iyon-iyon etkilesimlerine bagl

olarak daha diisiik aktivasyon enerjisi bariyeri gosterdigini ortaya koymuslardir.

@ — 0 @
Energy Single-ion
landscape _———a migration .

e O S

Ensroy bariar A
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Energy Muiti-ion
landscape concerted migration

Sekil 4.1. Tek ve birkag atomun birlikte hareketine ait klasik difiizyon modeli ve ilgili aktavasyon enerji
bariyerleri [34].

YMK, HMK ve HSP kristal yapidaki sistemler {izerinde gerceklestirilen atomik
benzetim calismalarinda HMK alt latisi barindiran sistemlerde iyon difiizyonunun en
diisiik aktivasyon enerji bariyeri ile gerceklestigini ortaya konmustur [34]. Buna gore
iki HMK birim hiicresi ile olusan oktahedron yapida (a), iyonlarin birinci tetrahedral
konumdan ikinci tetrahedral konuma gecisleri i¢cin gereken aktivasyon enerji bariyeri
yalmzca 0,12 eV c¢ikmaktayken, YMK kristal yapida tetrahedral-oktahedral-
tetrahedral iyon diflizyonu 0,30 eV enerji bariyeri gostermektedir. Yine HSP yapida
ayn1 difiizyon enerji bariyeri tetrahedral-tetrahedral pozisyonlarda minimum 0,20 eV

bariyer gostermektedir.

Alt latislerde  HMK barindiran sistemlerde iyon diflizyonu daha hizli
gerceklesmektedir. HMK anyon paket (bcc anion packing) olarak adlandirilan bu
kristal yap1 oldukca yiiksek iyonik iletkenlik gosteren LiioGeP2Si2 ve Li7P3S1

sistemlerinde bulunmaktadir.
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Sekil 4.2. Farkli kristal yapilarda lityum iyon diflizyon ¢izgileri ve aktivasyon enerji bariyerleri [34].

4.2. Siiper Iyonik iletken Malzemelerde Iyon Difiizyon Modeli

Kristalin yapidaki bir malzemede iyonik difiizyon hareketi yukarida belirtilen
mekanizmalar ile gerceklesirken bazi 6zel kristalin sistemlerin yapisi yiiksek oranda
bosluk gerektirmeksizin hizli iyon difiizyonuna olanak saglayabilmektedir. Siiper
iyonik iletken malzemeler olarak adlandirdigimiz bu grup sistemlerin kristal kafes
yapilar1 yiiksek iyonik iletkenlige olanak saglamaktadir. Nasicon, Lisicon,
Argyrodite, Thio-Lisicon, Garnet gibi kristal yapilarla ifade edilen bu sistemler sahip
olduklar1 o6zel kristalin iskelet (framework) yapilariyla lityum iyonlarinin hizl

difiizyonunu olanakli kilmaktadir.

Bolim 2.2.1.’de mekanizmasi sunulan yiiksek iyonik iletkenlik mekanizmasi
deneysel olarak gozlemlenen bazi iyonik degerler ile uyugsmamaktadir. Baz1 kristal

yapilar ve bu yapilara ait iyonik iletkenlik parametreleri Tablo 4.1.’de sunulmustur.



31

Tablo 4.1. Cesitli oksitli kat1 elektrolitlerde iletkenlik, aktivasyon enerji bariyeri ve iyon konsantrasyonu.

iletkenlik Aktivasyon Iyon
enerji bariyeri konstantrasyonu Kristal yapt
-1
(mS cm™) (V) (f.u.)
LizLaszZr.0
e 0,1-1 03 6,4-7 Garnet
(LLZO)
LisLasTa;0
R 0,001 05 - Garnet
(LLTO)
Li1+xAlei2-x(PO4)3
0203 1 0,3 - Nasicon
(LATP)
LiTi,(PO
{8 0,001 0,45 . Nasicon

(LTP)

Yukaridaki tabloda goriildiigi gibi ayni kristal yapiya sahip malzemeler yiiksek
iyonik iletkenligi ancak belli katki oranlarinda yakalayabilmektedir. Bolim 4.1.’de
sunulan klasik iyon difiizyon modeli, ayni kristal yapiya sahip yukarida siralanan
sistemler arasindaki iyonik iletkenlik farkini agiklamakta yetersiz kalmaktadir. He ve
ark. [35], LGPS, LLZO ve LATP kristal sistemleri {izerinde gergeklestirdigi
calismada siiper iyonik iletken sistemlerde gerceklesen diflizyon mekanizmasini,
ayni anda bir harmoni icerisinde hareket eden birden fazla iyonun hareketi ile
aciklamaktadir. Sekil 4.3.’te verilen {i¢ farkli sistemde lityum iyonik difiizyonu tek
bir iyonun bir latis pozisyonundan baska bir pozisyona ziplamasi (hopping) yerine
belli sayida iyonun harmonik hareketini i¢ermektedir. Tek iyonun bir latis
pozisyonundan digerine gegisi yiiksek aktivasyon enerjisi gerektirirken (Sekil 4.3.(d-
f)), birkac iyonun birlikte hareketi ayn1 ¢izgi boyunca daha diisiik aktivasyon enerjisi
gerektirmektedir (Sekil 4.3.(a-c)). Bu durum iyonlarin birlikte hareketi sirasinda
birbirlerine uyguladiklar1 kulombik c¢ekim kuvveti ile agiklanmaktadir. Buna gore
birlikte hareket eden iyon ¢iftlerinden birincisi enerji bariyerini gegerken ikinci iyon
tizerinde olusturdugu kulombik ¢ekim kuvveti, ikinci iyonun enerji bariyerini daha

rahat ge¢cmesine olanak saglamaktadir.
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Sekil 4.3. Farkli kat1 elektrolitlerde lityum iyon difiizyon ¢izgileri ve ilgili aktivasyon enerji bariyerleri [35].
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BOLUM 5. KATI PILLERDE ELEKTROT-ELEKTROLIT ARA
YUZEYI

Bolim 3.’te belirtildigi gibi siilfiir esasli birgok kati elektrolitte iyonik iletkenlik
mevcut organik sivi elektrolitleri yakalamaktadir. Iyonik iletkenlik icin yeterli
seviyeler yakalansa da kati pillerin iiretilmesindeki en 6nemli engel, bu kati
elektrolitler ile uyumlu ara yiizeyler olusturacak anot-katot ciftinin olusturulmasidir.
Bir kati1 elektrolitin, aktif metal igeren bir anot ile temasinda olusabilecek ara

yiizeyler Sekil 5.1.’de belirtilmistir.

Reaktif kararli bir ara yiizey, iyonlarin anottan katota dogru hareketinde yiiksek bir
iletkenlik saglarken elektronlarin hareketine izin vermeyecektir. Ara yiizeyin
elektronik olarak yalitkan olmasi, kati elektrolitin elektron alarak indirgenmesini
engelleyecektir. Reaktif kararsiz ara yiizeylerde ise kati elektrolit siirekli olarak
elektron alarak indirgenmekte ve anodu tiiketerek biiytimektedir. Karigik iyon-
elektron iletkenler (mixed ion-electron conductors (MIEC)) olarak adlandirilan bu tiir
tabakalarin olusumu, pilde anodu siirekli olarak korozyona ugratici rol oynamaktadir.
Reaktif olmayan kararli ara yiizeylerde ise, anot ve elektrolit ¢ifti karali yapilardan

olusmasi sebebiyle herhangi bir ara yiizey olusumu gézlenmemektedir.
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Sekil 5.1. Kat1 elektrolit sistemlerde arayiizeyler.

Kati elektrolit iceren bir pilde secilecek anot-elektrolit ¢iftinin yukarida belirtilen ara
ylizey olusumlarina gore segilmesi zorunludur. Reaktif olmayan kararli ara ylizey
olusumlar1 yalnizca LiPON gibi az sayida sistemle sinirhidir [36]. Kati elektrolit

iceren pil sistemleri igin reaktif kararli ara yilizeylerin olusumu beklenmektedir.

5.1. Kat1 Pillerde Anot Koruyucu Tabaka

Kat1 elektrolit iceren pil sistemlerinde yukarida belirtilen ara yiizeylerin
kendiliginden olusumunu beklemeden anot veya elektrolitin yiizeyinin kaplanarak
pilde kullanilmas1 giderek daha fazla sayida ¢alismaya konu olmaktadir. Bircok kati
elektrolit, cok yiiksek iyonik iletkenlik gosterse de lityum anot ile beraber
kullanilamamaktadir. Anot yiizeyinin kaplanmasi, lityum ile temasinda kati

elektrolitin indirgenmeyerek kararli olmasini saglayacaktir.
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Ozellikle siv1 elektrolitlerin kullanildig1 sistemlerde, lityum metalinin yiizeyinin
kaplanmasi hem dendrit olusumunu hem de lityum metal yiizeyinde istenmeyen
fazlarin olusumunu engellemek amaciyla gergeklestirilmektedir. S1v1 elektrolit i¢eren
sistemlerde, sivi elektrolite katilan LiNOs, anot yiizeyinde olusturdugu pasif tabaka
ile polisiilfit mekik etkisini(shuttle) engelleyerek ¢evrim sayisini uzatmistir [37].
Benzer etkiler HF [38], Alls [39] ve karbonat-modifiyeli siloksan (4-(2-bis (trime-
thylsilyloxy)methylsilylethyl)-1,3-dioxolan-2-one) [40] eklenmesinde gézlenmistir.

Yukarida belirtilen sistemlerde lityum metalinin kaplanmasi pil reaksiyonlar
sirasinda(in-situ) olarak gerceklesmektedir. Bunun yani sira lityum metal yiizeyinin,
pil olusturmadan 6nce kaplanmasi giiniimiizde bir¢ok ¢aligmada konu edilmektedir.
Zhu ve ark. [41] farkl1 ikili ve ti¢lli nitriir, karbiir, oksit ve florilir sistemlerinin, lityum
metali karsisinda davranmisini inceledikleri hesaplamali ¢alismada, 6zellikle nitriirli
yapilarin lityum metali karsisinda katodik davrandiklarini belirleyerek LisN,
LizAINg, LisSiNs, LisBN2, LiMgN, LiCaN, LizHfN2, LizScN2, Li2ZrN2, LisTiNs,

LisTaNs, LizTaNs, LizNbNa4, LisWNa, ve Li7VN4 sistemlerini olasi tampon katman
olarak onermektedir. Belirtilen yapilar icerisinde 6zellikle LisN diger sistemlerden

kolay kaplanabilirligi ve iistiin iyonik iletkenligi ile 6n plana ¢ikmaktadir.

5.2. Lityum Koruyucu Tabaka Olarak LisN

Hegzagonal kristal yapidaki LisN, P6z/mmc [194] uzay grubu simetrisine sahip alkali
metallerin nitrlirlii kararli tek yapisidir. Koyu kirmizi renkteki bu bilesik lityum
metalinin aksine yiiksek ergime sicakligina sahiptir (803°C). Alfa, Beta ve Gama
olmak tizere ii¢ polimorfu bulunan LisN yapisinda, 6zelikle a-f doniisiimii diistik
entalpi bariyeri sebebiyle (0,01 eV) oldukga kolaydir. LisN yapisini lityum-iyon
piller igin 6zel kilan sahip oldugu yiiksek iyonik iletkenliktir (~10* S/cm). LisN,
lityum iyon piller i¢in 6zellikle kaplama tabakasi olarak son yillarda calisilsa da

hidrojen depolama alaninda iizerinde uzun siiredir ¢alisilan bir sistemdir.

LisN, lityum iyon pillerde anot koruyucu tabaka olarak kullanilmadan 6nce yiiksek

iyonik iletkenligi sebebiyle kati elektrolit olarak kullanilmistir. Boukamp ve ark. [42,
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43], LisN iizerine gergeklestirdigi erken c¢alismalarda 6,6x10% S/cm iyonik

iletkenlige ulagmistir.

Giliniimiizde LisN c¢alismalari, daha tistlin iyonik iletkenlik gosteren siilfiir esaslh kati
elektrolitlerin sentezlenmesi sebebiyle, LisN'i kati elektrolit olarak kullanmaktan
ziyade anot yiizeyine kaplanarak anot-elektrolit ara ylizeyini modifiye edici olarak
kullanilmaktadir. Zhang ve ark. [44], LisN iretim parametrelerini (sicaklik-zaman)
optimize ettigi calismada, anot ylizeyindeki LisN filmin dentrit olusumunu
engelledigini belirlemiglerdir. Ma ve ark. [37], lityum siilfiir pillerde lityum
ylizeyinin LisN kaplanmasinin, lityum metalinin polisiilfitler ile temasini keserek
pilde ¢evrim émriinii arttirdigini belirlemislerdir. Wu ve ark. [45], LisN ile kaplanmis
lityum anodu kullandig1r pil sisteminde, kaplamanin pilde ara ylizey direncini

diistirerek, daha kararli cevrim kapasitesine ulasildigini gostermistir.

5.2.1. Lityum yiizeyinin LisN kaplanmasi

Lityum yiizeyinin LisN kaplanmasi, azot gazinin belirli sicakliklarda kapali bir
sistemde tutulan lityum ¢iplerinin tlizerinden gegirilmesi ile gerceklestirilmektedir
(Direkt nitriirleme). Lityum nitriiriin olusum reaksiyonu Esitlik 5.1.°de asagida

verilmistir.

6Li+No=2LisN (5.1)

Sicaklik, zaman ve gaz akis hiz1 gibi parametrelerin, yiizeyde olusacak LisN tabaka
kalinligina etki ettigi bu sentezlerde, ¢ok 6nemli bir bagska etmen de lityum metal
yiizeyindeki ince yiizey filmleridir. Direkt nitriirleme tekniginde kullanilan sistemin

semtik goriiniimii Sekil 5.2.”de verilmistir.
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Sekil 5.2. Lityum yiizeyinin nitriirlemesi mekanizmasi.

Lityum metalinin yilizeyi kaginilmaz olarak havadaki O, CO2 ve nem sebebiyle
LiOH, Li2O ve LioCOs'tan olusan yiizey filmi ile kaplhidir[46]. Eldivenli kutu
(Glovebox) igerisinde tutulan lityum ¢iplerinde dahi, bu ince tabaka bulunmaktadir.
Lityum ¢iplerin yiizeyinin bir bisturi yardimiyla kazinmasi durumunda, eldivenli
kutu igerisindeki ppm Olgegindeki Oz ve nem yiizeyde hemen yeni bir filmi
olusturacaktir. Bu ince yiizey filmi, lityumun nitriirlenmesinde Onemli rol

oynamaktadir.

Sekil 5.3.’te icerisi azot dolu eldivenli kutuda tutulan lityum metalinin nitriirlenmesi
goriilmektedir. Nitriirlenme c¢ogunlukla yiizeyde siyah bir nokta olarak
cekirdeklenmekte ve devaminda tiim lityum ¢ip'i kapsayacak sekilde ilerlemektedir.
Bu siirecte nitriirlemenin sadece yiizeyde gerceklesmesi ylizey filmi ile yakindan
iligkilidir. Yiizeydeki film tabakasi, nitriir fazin homojen c¢ekirdeklenmesini ve

biiylimenin sadece yiizeyde ger¢ceklesmesini engellemektedir.

Sekil 5.3. Lityum yiizeyinin nitriirlenmesinin zamana bagl gelisimi [47].
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Lityum metalini, ylizeyindeki film tabakasi sebebiyle cogunlukla homojen bir sekilde
kaplamak miimkiin olmamaktadir. Li ve ark. [46], nitriirleme islemini yilizeydeki
film tabakasim1 elimine edecek sekilde gelistirmistir. Bu amagla iki bakir folyo
arasina sikistirtlan lityum ¢ip, Argon igeren bir eldivenli kutuda 300°C’ye kadar
isitilmaktadir. Daha sonra azot iceren bir eldivenli kutuya transfer edilen iki bakir
arasindaki lityum metali, burada 450°C’de ergiyene kadar bekletilmektedir. Ergime
islemi sonrasinda bakir folyolarin hizla c¢ekilmesiyle, ortamdaki azot ile tepkimeye
giren ergiyik lityum metali, hizla yiizeyinde nitriir tabakas1 olugturmaktadir. Yiiksek
sicakliga cikilarak, yiizeydeki film tabakasinin elimine edilmesiyle gergeklestirilen
bu iiretimde, gaz akisi ile gergeklestirilen iiretimlere gére daha homojen ve iri taneli

bir nitriir tabakas1 olusmaktadir.

Yiiksek sicakliklarda gergeklestirilen lityum nitriirlenmesi sirasinda olusan tabaka
kalinligina gore lityum metal yiizeyinde farkli renkler goézlenmektedir. Diisiik
sicakliklarda gergeklestirilen nitriirleme islemlerinde bu gegisler gézlenememektedir.
Sekil 5.4.’te yiiksek sicakliklarda gergeklestirilen nitriirleme isleminde siireye bagl

olarak lityum yiizeyinde olusan renkler goriilmektedir.

Time (s)

Sekil 5.4. Lityum yiizeyinin yiiksek sicaklikta nitriirlenme prosesi [46].

Lityum metalinin nitriirlenmesinde, azot gazinin kullanildig1 direkt nitriirleme teknigi
tek yontem degildir. Baloch ve ark. [48], sivi elektrolit igerisine kattig1 azido-
trimethylsilane (CH3)3SiN3 ile lityum yiizeyinde LisN olusturdugu ¢alismasinda,

direkt nitriirlemeye gore daha homojen bir kaplamay1 raporlamistir.
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5.3. Lityum Koruyucu Tabaka Olarak MoS:

Iki boyutlu malzemeler, 6zellikle gecis metal dikalkojenitlerinin iki boyutlu yapilar
fonksiyonel malzemelerin iiretilmesinde gittikce artan sayida calismaya konu
edilmektedir [49-52]. Gegis metal dikalkojenitleri arasinda MoS> 6zellikle lityum
iyon pil uygulamalarinda sahip oldugu 670 mAh g teorik kapasitesi sebebiyle 6n
plana ¢ikmaktadir. Bu baglamda MoS, geleneksel lityum iyon pil teknolojisinde
grafit anot yerine kullanilmaya g¢alisilmaktadir. Siilfiir ve siilfiir bilesiklerinin ¢ok
diisiik elektronik iletkenlige sahip olmasi bu yapinin anot olarak kullanilmasi
onlindeki temel problemi olusturmaktadir. Farkli iiretim teknikleri ile MoS;
kompozitleri olusturarak iletkenligin arttirilmasi ve lityum iyon pillerde anot olarak

kullanilmas1 birgok ¢alismaya konu edilmistir [53-59].

MoS;, kovalent bagli Mo™-S2-Mo** zincirlerinin tekrarli olarak dizilmesi ile
tabakali yapida olusturdugu bir sistemdir. MoSz kristal yapisini goriiniimi Sekil
5.5.°te gosterilmektedir. Bazal diizlemde Mo-S-Mo atomlar1 kovalent bagli iken,
tabakalar arasi baglar1 zayif Van Der Waals baglar1 olusturmaktadir. MoS;’de
tabakalar aras1 mesafe 0,62 nm iken, bu mesafe grafit’te 0,34 nm’dir [60, 61].
Tabakalar aras1 mesafenin agilmasi lityum iyon difiizyonunu kolaylastirmaktadir. Bu
baglamda, MoS;, grafit’e gore daha genis tabakalar aras1 mesafe ve yliksek kapasite
gibi istiinliiklere sahiptir. Bunun yani sira, MoS; farkl: iiretim teknikleri ile {iretilse

de grafit’e gore eldesi daha zor ve maliyetli olan bir malzemedir.
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Sekil 5.5. 2H MoS:z fazinin sematik gériiniimdi.

Boliim 4’te belirtildigi lizere kati-elektrolit ara yiizeyinin elektronik olarak yalitkan
iyonik olarak ise iletken fazlardan olugmasi1 gerekmektedir. Bu baglamda MoS2 genis

tabakalar aras1 mesafesinin getirdigi yiiksek iyonik iletkenliginin yani sira ¢ok diisiik
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iyonik iletkenlikleri sebebiyle lityum iyon piller i¢in uygun kati elektrolit arayiizey

malzemesidir.
5.3.1.MoS: polimorflari ve iiretim teknikleri

MoS; yaygin polimorflar1 olan 3R (Rombohedral), 2H (Hegzagonal) ve 1T
(Trigonal) fazlari ile birgok fonksiyonel uygulamalarda kullanilmaktadir. Ozellikle
IT ve 2H fazlar1 MoS2’nin lityum iyon pil teknolojilerinde yaygin kullanilan
polimorflarini olusturmaktadir. 1T ve 2H fazlarina ait sematik goriinlim ve STEM
goriintiileri Sekil 5.6.’da gosterilmistir. 2H fazi1 tiim polimorflar arasinda en kararl
yapiy1 olustururken, tek tabakali yapida 1,9 eV bant araligi ile yan iletken karakter
gostermektedir [62]. 1T faz1 ise metalik karakter gostererek lityum iyon pillerde

diistik yiik transfer direnci sebebiyle anot olarak kullanilmaktadir.
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Sekil 5.6. 1T ve 2H MoS:2 fazlarinin sematik goriiniimii ve STEM goriintiileri [63].

MoS; iiretiminde birbirine gore avantaj ve dezavantajlar igeren farkli iiretim
teknikleri kullanilmaktadir. Bu yontemler arasinda iyon interkalasyon ve solvent
eksfoliyasyon teknikleri daha saf ve az tabakali iiretimler icin tercih edilen
yontemlerdir. Iyon interkalasyon yonteminde lityum iyonlar;, MoS, tabakalari

arasina belirli bir voltaj degerinde kronoamperometri teknigi ile yerlestirildikten
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sonra ultrasonik ile tabakalar aras1 kuvvetler kirilarak az tabakali, yiiksek saflikta ve

%92 verimle MoS; iiretilebilmektedir. Solvent eksfoliyasyon yonteminde ise organik
solvent igerisinde askida tutulan MoS, pulcuklari, ultrasonik ile tabakalar arasi
baglarin kirilmasi1 ile iretilmektedir. Ultrasonik islem siire ve sicakligin
optimizasyonu ile yiiksek miktarda iiriin eldesi saglanabilirken, 6zellikle ultrasonik
islemin getirdigi yiiksek miktardaki kristal kusurlar1 bu iiretim ydnteminin
dezavantajini olusturmaktadir. Yine bu yontemde ultrasonik islemi sebebiyle olusan
tirinlerde pulcuk(flake) boyutlari nanometre mertebesine inmekte ve bu durum
ozellikle biitlinlesmis devrelerde kullanimini sinirlandirmaktadir. Bu yontem ile
P6s/mmc simetride 194 uzay grubundaki 2H-MoS; iiretilmektedir [64]. Bu
yontemler disinda CVD [65], molibden bilesiklerin siilfiirizasyonu [66] ve amonyum
tetratiomolibdat ((NH4)2M0S4)’1n termal bozunmasi [67], MoS> tiretimindeki diger

baslica iiretim tekniklerini olusturmaktadir.



BOLUM 6. TARTISMA VE SONUC

Bu tez baglaminda gergeklestirilen ¢alismalarda siilfiir esasli LizP3S11 kat1 elektroliti
iiretilerek tam kat1 hal lityum siilfiir piller olusturulmustur. Uretilen lityum-siilfiir kat:
pillerde, ¢evrim kararliliginin arttirilmas1 amaciyla anot olarak kullanilan lityum
metalinin ylizeyi LisN ve MoS; fazlar ile kaplanarak kapasite kaybinin azaltilmasi
amaglanmistir. Bunun yanisira, daha yiiksek elektrokimyasal kararliliga sahip olan
oksit esasli kat1 elektrolitlerin iyonik iletkenliklerinin arttirilarak kati hal pillerde
kullaniminin saglanmast hedeflenmistir. Yukarida belirtilen amag¢ ve hedefler
dogrultusunda yapilan caligmalar sonucunda elde ettigimiz sonuglar ve ilerleyen

calismalara yon vermesi amactyla tavsiyeler asagida siralanmistir.

a. Sitlfiir esash kat1 elektrolitler, hava ile temasinda bozunarak zararli H2S gaz1
olusumuna sebep olmaktadir. Bu kati1 elektrolitler ile yapilan c¢aligmalarda
elektrolitin hava ile temasi tam anlamiyla kesilmelidir.

b. Kati elektrolitler ile yapilan pillerde, elektrolit ve diger pil bilesenleri (anot ve
katot) genellikle soguk izostatik pres ile birlestirilmekte ve pil belirli bir
basing altinda caligmaktadir. Bu baglamda ilgili basing parametreleri
caligmalar 6ncesi optimize edilmelidir.

C. Kati pillerde sirf soguk izostatik presleme ile elektrot-elektrolit arayiizeyinde
tam temas saglanamamaktadir. Presleme asamasinda pil kalibinin 1sitilmasi
ile daha yogun peletler olusturularak kati elektrolitin iyonik iletkenligi
arttirllmalidir.

d. Kati elektrolit arayiizeyleri igin 6zellikle ince film teknikleri ile arayiizeylerin
olusturularak hem araylizey kalinligi1 kontrol edilebilir hem de elektrot-
elektrolit arayiizeyinde 1slatma arttirilabilir.

€. Oksit esasl kati elektrolitler yliksek elektrokimyasal dayanim gdsterirken

iyonik iletkenliklerinin 10~ S/cm mertebesine yiikseltilmesi gerekmektedir.
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Bu yapilardaki oksijen atomlarmin daha diisiik elektronegativiteye sahip
farkli atomlar ile kismen yer degistirmesi ile iyonik iletkenlikleri

gelistirilebilir.
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Assembling All-Solid-State Lithium Sulfur Batteries with LisN-

Protected Anodes
Abdulkadir Kizilaslan,*®, Hatem Akbulut®

Abstract: The construction of all-solid-state batteries is now easier
after the successful synthesis of sulfur-based solid electrolytes with
extremely high ionic conductivities. Utilizing lithium metal as the
anode in these batteries requires a protective solid electrolyte layer to
prevent corrosion due to the highly reactive nature of lithium. LisN
coating on lithium metal is a promising way of preventing the
degradation of electrolyte during charge and discharge. In this study,
utilization of a LizN-coated lithium anode and Li;P3S;; solid electrolyte
are reported, where quaternary rGO/S/Carbon Black/Li;PsSy
composite is used as cathode in the assembled cell. Our results
indicate that protecting the Li metal with a LisN coating does not affect
the electrochemical characteristics of the cell and extends the cycle
life of the battery. Cell assembled with protective layer was shown to
having 306 mAh g capacity after 120 cycles at 160 mAh g current
density, whereas cell without protective layer having 260 mAh g'.

Introduction

Challenging environmental problems arising from the use of fossil

fuels urge the world to use environmentally friendly power sources.

Lithium ion batteries (LIBs) are considered the most prominent
alternatives to replace the use of fossil fuels on vehicles. Yet
several concerns have to be eliminated before the adoption of
these batteries into vehicles. Current LIBs utilizing ether based
liquid electrolytes to shuttle lithium ions between anode and
cathode. Flammability risk of these ether based liquid electrolytes
has to be taken more into consideration as we scale up the LIBs
from the ones used in electronic devices into vehicles. Besides,
LIBs should supply more power density to be employed in
vehicles due to economic concerns. Solid electrolytes are now the
most favourable alternatives to replace liquid electrolytes
especially after the successful synthesis of sulfide electrolytes
having lithium ion conductivity on the order or up of commercial
ether based liquid electrolytes.
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and ials Science Dep 1t
Sakarya University
Esentepe Campus, 54050 Sakarya (Turkey)
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Sulfidic solid electrolytes are synthesized broadly in three forms.
LMPS(M=Ge,Sn,Si) type solid electrolytes are synthesized in
tetragonal crystal structures and reported to having ionic
conductivity of 12 mS cm™ and 4 mS ¢m " for Li;gGeP2S:2 and
Li1oSnP2S;2, respectively.'? Subsequent syntheses focused on
doping halogens into the structure resulted better electrochemical
window up to 8V (vs Li/Li*). Structures in LisPSsX (X=ClI,Br,l)
formula are having cubic argyrodite crystal structure with ionic
conductivities barely less than LMPS type electrolytes but still on
the order of 102 S cm' Bl Lastly, solid electrolytes in (x)Li2S-(100-
x)P2Ss system where x=67,70,75 and 80 yields superionic
conductor solid electrolytes with ionic conductivity of the range 1-
10 mS cm’. Among those structures, extremely high ionic
conductivities reported on the 70Li>S:30P>Ss system with 16 mS
om

Although great strides have been achieved in conductivity front,
main challenge left to be overcome is to construct compatible
anode and cathode pairs with the synthesized solid electrolytes.
Wenzel et al®! reported the instability of LMPS type solid
electrolytes along with the phases formed at interface utilizing
XPS analysis. A stable solid electrolyte interface has to be
composed of phases that are electronically(ionically) insulating
(conducting). Yet the phases formed on LMPS type solid
electrolytes are reported to having electronically conductive
phases in the form of LiM,. Such type of interfaces would
consume anodes, through reducing electrolytes, and eventually
kill the battery.

Increasing number of studies has focused on the engineering of
the electrode-electrolyte interfaces to get compatible pairs
specially to utilize lithium as anode. Ab Initio Molecular Dynamic
(AIMD) studies based on Density Functional theory (DFT) are
very effective and powerful way of searching desired systems
over a large system database. Zhu et al.®! searched different
binary and ternary fluorides, sulfides, oxides and nitrides that are
stable against Li anode. They concluded that most nitride
structures behave cathodic against Li metal. Intentional
modification of Li anode surface before assembling the cell is one
plausible way to eliminate the adverse side effects of SEI layer.
This layer would not only prevent the aforementioned phase
problems but also construct better wetted interface. Moreover the
common problem of Li anode dendritic growth may also be
suppressed with the formation of proper coatings on the anode.

Based on nitride structures to be coated onto the Li metal, LisN
having two common polymorphs (a-LisN and B-LisN) already
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known as exhibiting high Li* ionic conductivities. Several studies
were successfully conducted to coat LisN layer on the Li anode
and encouraging results showing less impedance on the interface
are obtained. ™"l Besides, coating LisN onto the Li metal surface
can be accomplished via the direct nitridation of Li metal with N
gas at room temperature. Contrary to other more expensive and
time consuming thin film coating processes, direct nitridation is a
very effective way of utilizing the highly reactive nature of lithium.

On the cathode side sulfur is one of the promising materials with
its theoretical energy density of 2600 Wh kg™ and is already at the
focus of Li-S batteries with liquid electrolytes. However, the
formation and shuttle of lithium polysulfides formed on these
systems are still challenging to be overcome in Li-S batteries with
liquid electrolytes. Solid electrolytes are now the most exciting
alternatives to replace liquid electrolytes. In all solid state lithium
ion batteries (ASSLIBs), one has to composite sulfur with a
conductive material due to its extremely low conductivity of about
1x10" Sm. Besides volume expansion during lithiation is
another challenge of sulfur to be utilized in LIBs. Combining sulfur
with reduced graphene oxide(rGO) is shown to have better
results mainly because rGO easily hosts the volume expansion of
sulfur.’? The composite cathode should also be ionically
conductive. Combining rGO/Sulfur composites with ionically
conductive solid electrolytes not only makes cathodes conductive
but also decrease the chemical potential difference between the
electrode and electrolyte.

In this study we report the successful synthesis of Li7P3S11 solid
electrolyte and assembling of an ASSLIB where Li3N coated Li
and sulfur active material composite served as anode and
cathode, respectively. Chemical stability of Li3N-Li7P3S11
interfaces were studied by means of ab-initio molecular dynamics
(AIMD) simulations.

Results and Discussion

Metastable glass-ceramic LizP3S+1 phase synthesized by two step
reaction where at first step stoichiometric amount of LizS-P2Ss
powder mixture converted into glass form through ball-milling.
Then, DSC analysis were carried out to reveal possible reactions
during subsequent heat treatment to crystallize Li;P3S:; phase
from the obtained glassy powders. Figure 1 shows the XRD
analysis of ball-milled and crystallized Li;P3S;; phases along with
DSC analysis in the inset. DSC analysis showed two exothermic
peaks where each characterizes the crystallization of Li;P3S+1 and
LisP>Ss phases. No other peaks was observed in the system up
to 350 °C and glass transition temperature is observed at around
200 °C.
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Figure 1. XRD'analysis of Li?P3S11 synthesis and DSC analysis in the inset.

LisP>Ss phase formed according to the following reaction and
shown to be having ionic conductivity on the order of 107 S cm’!
at room temperature. I3l The structure is basically formed at
temperatures higher than the crystallization temperature of
Li;PsS+1 phase because of sulfur loss due to heat.

2Li,S +P,Ss —p  LiP;Ss+S 0!

Raman analysis was carried out to observe the local environment
of the LizP3S+1 structure and the result given in figure 2. Besides
Raman analysis is a powerful technique to characterize the
existence of impurity phases in the structure. Characterized
peaks of Li;P3Si; structure are observed at around 420,410 and
380 cm'' where each peak stands for PS;3, P,S;*and P,S;*. Small
neck observed at around 380 cm'' which stands for the existence
of impurity LisP>Ss phase in trace amount.
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Figure 2. Raman analysis of synthesized LizP3S:1.
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Composite sulfur based rGO/S/CarbonBlack(CB)/
LizP3Ssicathode was utilized in assembled ASSLIB. Sulfur, CB
and Li;PsS;1 was utilized as active, electronic and ionic
conductive materials respectively. rGO utilized in the system to
restrict the well-known volume expansion(contraction) of sulfur
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during lithiation(delithiation). Mixing active material with solid
electrolytes decrease the chemical potential difference between
the electrode and electrolyte so that side reactions were
prevented in the system.
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Figure 3. (a)Raman and XRD analysis of rGO and (b) Morphology of the synthesized rGO.

Figure 3 a shows the Raman analysis of rGO along with the
XRD analysis of rGO in the inset. The well-known peak of GO at
around 11° converted into peak at around 26° upon the reduction
through heat treatment at 800 °C for 4h under Ar-H; gas flow. In
Raman analysis of obtained rGO structure, peak observed at
around 1350 cm indicates the structural defects and disorders
named D band; where peak at around 1580 cm™ denotes sp?
hybridization of carbon atoms. Smaller D band compared to G
band observed upon the reduction represents the less defective
nature of the structure which yields better electronic conductivity

Figure 3. (a-b)FESEM images of rGO/S composite. Thermal Gravimetry analysis of rGO/S composite in the inset

in the cathode. Figure 3 b shows the well-known wrinkled
morphology of synthesized rGO structure. Sulfur was added into
rGO to prepare rGO/S composite. Figure 4 a-b shows the
morphology of rGO/S composite. The tiny bits of particulates are
the sulfurs impregnated into rGO matrix. They are well dispersed
into the system and having sizes around 10 nm. The amount of
sulfur soaked into rGO matrix was measured by Thermal
Gravimetry and shown in the inset of Figure 4 b. The result shows
that 85 percent of rGO/S composite composed of sulfur active
material. Overall cathode composition contains sulfur active
material as approximately 37.5 wt%.
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TEM analysis was carried out to further analyze the interaction
and distribution of rGO/S composite. As seen in figure 5, sulfur
particulates with the size of about 10 nm are well distributed within
rGO which are expected to accommodate the expansion of sulfur
during lithiation.

200 nm

[ ——
Figure 4. TEM analysis of rGO/S composite with EDS in the inset.

LizN layer was formed on the lithium anode chips through N gas
flow inside an air-tight reaction chamber at 50 °C. Figure 6 shows
the XRD analysis of the LisN phase formed on the Li chips along
with fresh Li chips. The peaks observed after nitridation assigned
to a -LisN phase with JCPDF 30-0759 card. Tiny peaks at around
32° and 52° were assigned to B-LisN polymorphous arising due to
the reaction at elevated temperature. Considering the low
enthalpy barrier of a-LisN to B-LisN transition (0.01 eV)® it is
inclined to get B-LisN polymorphous in synthesis at temperatures
higher than room temperature.

ea-LiN
¢ p-Li,N

Intensity (a.u.)

10 20 30 40 50 60
26 (Degree)

Figure 5. XRD analysis of pristine and LisN coated Li metal.
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Nitridation kinetics of lithium is abrupt due to the high reactivity of
Li metal. Besides, native film existing at the surface of lithium foils
consist of LiOH, LizO and LizCO; 1'% always affect the nitridation
kinetics i.e. nucleation site of LisN phase Figur 7(a-b) shows the
nitridation process taken during the synthesis where nitridation
took place at the surface. Generally nitridation process starts with
the nucleation of LizN and proceeds through the depth of lithium
metal instead of surface. Nucleation and kinetics of the new phase
have to be controlled to get such kind of layer. Figure 7 c display
the nitride layer formed on the surface of the lithium with the
thickness of about 130 um. As observed, contrary to lithium metal,
LisN phase is hard and brittle.

f?igure 6. Synthesis of LizN layer on Li anode where nitridation took place on
surface

Figure 8 a shows the intermediate stage of nitridation process,
where nitridation did not take place evenly on the surface. Figure
8 (b-c) shows the elemental and line mapping of the area shown
within the rectangle on the figure 8 a. On figure 8 ¢, Upper(Darker)
side of the image represents the un-nitrided part of the lithium
where the other side(lighter) represents the nitrided part of the
lithium. Line EDS analysis results(shown with yellow line) shows
the nitrogen distribution on the nitrided and un-nitrided portion of
the sample. The abrupt change in the nitrogen amount testifies
the heterogeneous nitridation kinetics along with island-growth
mechanism™ of the synthesis. EDS dot mapping also testifies the
uniform nitridation on the nitrided parts of the sample. The black
dots observed in figure 8b are oxide particulates formed during
sample preparation due to exposure of air. Cracks were also liable
to be formed on the nitrided part of the lithium chip due to the
brittle nature of LizN phase.
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Figure 7. (a)Nitridation of Li metal where island growth observed. EDS map(b)
and line analysis(c) of displayed rectangular area.

To test the ionic conductivity of the prepared solid electrolyte ion-
blocking In/LizP3S;+/In symmetric cell were prepared. Figure 9 a
shows the impedance measurement results where inset displays
the magnified high frequency semi-circle portion of the curve.
Total ionic conductivity of the prepared solid electrolyte pellet is
determined by the intercept between the x-axis and the straight
line. Total conductivity of the pellet was measured as 4 mS cm”
at room temperature. To test the electrochemical stability of the
synthesized structure, we assembled Lithium/ Li;P3S:/Stainless
Steel cell. Only the peaks denote lithium stripping and deposition
were observed in figure 9 b. The result shows that the synthesized
structure has a wide electrochemical window up to at least 5V.
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The electrochemical window of the cell were also tested in the
system where Li anode replaced with LizN coated Li. Figure 9 ¢
shows that LisN layer does not prevent lithium stripping and
deposition in the cell. Beside any reaction due to LisN was not
observed in system up to 5V.

Figure 10 shows the impedance measurements conducted on
Li(or Li3N)/Li;P3S;1/(S-TGO-CB-Liz;P3S;1) systems. Both cells
have about the same total impedance(bulk+grain boundary
resistance) which shows that LisN layer does not contribute to
total impedance of the system mainly due to high ionic
conductivity and thin layer of LizN phase.

400
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@ ] 60 80 100 ./0/
iy 200 Z(Q) 2t
) . /./ /
100- &~
o _un" —a—
] ——LiN
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0 50 100 150 200 250 300
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Figure 8. Impedance analysis of the cell with pure Lithium and LisN protected
Li used as anode where Li;PsS:1 and (rGO/S/CB/ LizP3S11) used as solid
and cathode respectively
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Figure 9. (a)impedance analysis of synthesized Li7P3S11electrolyte in symmetrical cell. Inset shows the magnification of high frequency region. Electrochemical
window of Li(b) and LisN(c) protected Li assembled in Li(LisN)/LizP3S1/Stainless Steel cell.
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Asymmetric Li (or Li3N)/Li;P3S;4/(S-rGO-CB-Li;P3S1) cell
constructed to evaluate the reduction and oxidation reactions of
the sulfur based cathode composite. The results given in figure
11 show that two peaks representing S+2Li*+2e"=Li,S reactions
observed in both systems as common in all-solid state batteries
utilizing sulfur as cathode active material. Anodic peak

Current (mA)
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representing the oxidation of Li>S to lower order polysulfides
observed at around 2.8V vs Li/Li*. Cathodic peak representing the
reduction of sulfur to higher order polysulfides observed at around
1.3V vs LiL* at first cycle. Difference between anodic and
cathodic peaks were found to be increasing with cycling on pure
Li anode system indicating that polarization is increasing in the
system. Whereas on LizN coated Li anode system polarization
were not increased upon cycling.

LN

.
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Current (mA)

0o 1 2 3 4 5
Potential vs Li-sLi* (V)
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0 1 2 3 4 5
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Figure 10. CV analysis of (a) Li/LizP2S11/(rGO/S/CB/ LizP3S11) and (b) LiaN coated Li/LizP3S11/(rGO/S/CB/ Li;P3S1:) cell

Galvanostatic cyclic charge-discharge tests conducted between
0.6-3.6V (vs Li/Li*) at a current density of 160 mAg" and the
results given in figure 12 (a-b). Contrary to Li-S batteries with
liquid electrolytes where two plateau observed due to the
production of polysulfide intermediates, here, in solid electrolytes
we observed one charge an discharge plateau as the only
electrochemical reaction governing the reaction is S+2Li*+2e =
LizS. Cycling tests reveal that cell assembled with pure lithium
anode delivers higher initial capacities. However upon cycling

capacity degradation is lower on the cell assembled with LizN
protected lithium anode. Cell with pure lithium anode has initial
and final capacities of 730 and 260 mAh g after 120 cycles
whereas cell with LisN coated lithium anode has initial and final
capacities of 680 and 306 mAh g’. Figure 12 c display the
capacity decay upon cycling with respect to initial capacity of both
cells. Capacity decay is lower on LisN protected system. Figure
12 d display the capacity of the cell with respect to cycle number.
Cell with pure lithium anode has higher capacity until 75 cycles,
yet the capacity of the cell with LisN protected anode is higher
afterwards.
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Figure 11. Cyclic performance of (a) Li/LizP3S+1/(rGO/S/CB/ LizP3S11) (b) LisN coated Li/Li;P3S11/(rGO/S/CB/ LizP3S11) cell at 25 °C. (c) Capacity decay upon cycling

with respect to initial capacity. (d) Capacity of the cells upon cycling.
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Conclusions

In summary, LizP3S1 solid electrolyte is successfully synthesized
and utilized in an ASSLIB where anode compose of LisN coated
Li metal and cathode is a quaternary sulfur based composite. The
analysis on the effect of LisN coating on Li metal anode revealed
that the layer does not impede charge transfer substantially.
Therefore, LizN coating can be utilized in ASSLIBs to prevent the
corrosion of Li anode in contact with solid electrolyte. Besides
facile synthesis route of LizN makes such kind of coatings feasible
for mass production. Our molecular dynamic analysis revealed
that LizP3S+ solid electrolyte does not degrade in contact with
LisN within our 1.2 ps simulation. To our best knowledge there is
not any study relating the use of LisN coated Li anode at ASSLIBs
and our results present promising characteristics of LisN to
improve the cycle ability of Li-ion batteries.

Experimental Section

LizP3S11 synthesis

Li7PsS11 glass ceramic powders were synthesized by ball milling and
subsequent heat treatment of LizS (99.98%, Sigma Aldrich) and P2Ss (99%,
Merck) powders. Stoichiometric amount of powders were put into zirconia
pot with 16 balls (10 mm) and rotated at 400rpm for 24h intermittently to
prevent any sulfur loss due to heat. Ball milled glassy powders were then
put into sealed quartz tube and sintered at 265 °C for 2h. All synthesis
procedure was carried out in glovebox (MBRAUN LABstar) to prevent the
exposure of powders to air.

Phase analysis of synthesized powders were carried out by X-ray
diffraction (Rigaku D/MAX 2000) with Kapton band sealed apparatus.
Raman analysis was utilized to observe the local environment of the
synthesized LizP3S11 structure with 732 nm laser. DSC analysis was
carried out prior to crystallization heat treatment to characterize the
possible egzo(endo)thermic reactions during synthesis.

rGO/S/CB/LizP3S11 composite cathode synthesis

Quaternary cathode composition utilized in this study. Graphene
oxide(GO) powders, synthesized by modified Hummers method, were
heat treated at 800 °C for 4h in Ar-H2 atmosphere to convert GO into
reduced Graphene Oxide(rGO). Exfoliated rGO structure were then mixed
with as-dried sulfur in sealed quartz tubes at 155 °C for 12h [(rGO):S 1:5
wt%] to penetrate sulfur into rGO. Obtained composite were then mixed
with SuperP as electronic conductive agent at cathode by ball milling at
370 rpm for 8h [(rGO:S):SuperP 3:1 wi%]. Last step of cathode production
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was composed of mixing rGO-S-SuperP composite with LizP3S11 powders
by ball milling at 370 rpm for 8h [(rGO:S:SuperP):Li?P3S11 60:40 wi%].

LisN coated Li anode synthesis

Nitride coating of anode surface was carried out by ex-situ nitridation
method where N2 gas allowed to flow through lithium chip containing
sealed reaction chamber.  Lithium chips with 300um thickness were
initially scratched by a scalpel to clean surface films and then exposed to
N2 gas(99.999% purity) flow with 100 sccm for 2h at 50 °C. LisN layer first
nucleates at the surface of the chip and then depending on the kinetics of
the reaction proceeds either toward surface or depth of the chip. Black
colored LisN thin film formed on the lithium surface were then
characterized by elemental and phase composition utilizing FESEM and
X-ray Diffraction respectively.

LisN layer was confined only to the surface of Li metal to take advantage
of the higher theoretical capacity of lithium (3862 mAh g”') instead of LizN.
Besides pure LisN phase is brittle so that in all solid state batteries, where
pressure is applied, it can be utilized in powder form. However, density and
contact problems will unavoidably be faced in this case.

Electrochemical Tests

Electrochemical tests were conducted at GAMRY(Gamry Instruments
Reference 1000)workstation. Synthesized solid electrolyte powders of
about 90mg were put into a PEEK insulated die (10 mm dia.) and pressed
under 400 Mpa. 4mg cathode powders corresponding to 1.175 mg cm?
active material load were then spread onto the LizP3S11 pellet and pressed
under 340 MPa. At last, lithium chip was placed onto the other side of the
pellet and pressed under 120 MPa. Stainless steel punches were utilized
as pressure transmitting media along with current collectors in the cell.
Impedance tests were carried out with symmetrical In/LizP3sS1+/In cell at
frequency between 1MHz - 1 Hz with 10mV amplitude. Cyclic
Voltammetry(CV) tests  were ducted by y ical
Li/LizP3S11/Stainless Steel cell between -0.2 — 5V (vs LiLi*) with 1 mV/s
step size to evaluate the electrochemical window of the synthesized solid
electrolyte. CV tests were also carried out at Li(or Li3N)/Li7P3S11/(S-rGO-
CB-Li7P3S11) cells between 0-4V to observe the anodic and cathodic
reactions in the cell with 1mV/s stepsize. Galvanostatic electrochemical
charge-discharge tests were conducted between 0.6 - 3.6V (vs Li/Li*) with
a current density of 160 mAg™'. Capacity was calculated according to the
amount of sulfur active material in the cathode.

Molecular Dynamic Simulations

Ab-initio molecular dynamics(AIMD) simulations were performed using
Vienna Ab initio Simulation Package(VASP)!'87l to mimic the LisN-
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LizP3S11 interface. Perdew-Burke-Ernzerhof (PBE) version of Projected
augmented wave (PAW) pseudopotentials were utilized. Energy cutoff of
400 eV used within gamma centered 1x1x1 k-point. Time-step were
selected as 1fs with 1200 timestep to get 1.2 ps length simulation.
Simulation time kept short due to computational costs. LizP3Si1 with
triclinic crystal structure lack of having symmetry. Therefore it is extremely
challenging to construct compatible interface between triclinic LizP3S11
(Space group=P1) and hegzagonal LizN (Space group=Ps/mmm(191))
within reasonable number of atoms for molecular dynamics studies. To
construct interface with LisN phase we selected the atoms reside within
the enclosed rectangular prism of trigonal LizP3S11 structure which does
not preserve the stoichiometry. LissP24S7s structure utilized in this study
which deviates from the seven fold supercell structure of LizP3S11 by -6.2%,
-14.3% and 1.3% for Li, P and S respectively. Therefore our model utilized
to resemble the interface is lack of lithium and excess of sulfur and
phosphorus. For LisN side we constructed interface by trimming from
supercell so that the interface has dimensions 16.97 A and 12.35 Ain z
and y directions with the thickness of 8.91A.
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Recently, tailored synthesis of solid electrolytes satisfy multiple challenges, i.e. high ionic conductivity
and wide (electro)chemical stability window is of great interest. Although both oxide- and sulfide-based
solid electrolytes have distinguished merits for meeting such concerns separately, a new solid electrolyte
having the excellent aspects of both materials is pursued. Herein, we report the synthesis of a sulfur-
doped Li; 3Alg 3Tiy 7(PO4)s (LATP) solid electrolyte with a NASICON crystal structure that combines
elevated ionic conductivity with intrinsic stability against an ambient atmosphere. Sulfur doping was
carried out using sulfur-amine chemistry and the system was characterized by XRD, Raman, XPS,
ICP-OES, and EDS analyses. Bader charge analysis was carried out with the aid of density functional
theory calculations to characterize charge accumulation in the local environment of the bare and sulfur
doped LATP structures. Our results indicate that the partial replacement of oxygen with sulfur yields
higher ionic conductivity due to the lower electronegativity of sulfur compared to oxygen, which
reduces the attraction of lithium ions. The enhanced ionic conductivity of LATP is attributed to a
decreased lithium ion diffusion activation energy barrier upon sulfur doping. Compared to bare LATP,
the as-prepared sulfur doped LATP powders were shown to decrease the activation energy barrier by
10.1%. Moreover, an ionic conductivity of 521 x 10™* S cm™* was obtained for the sulfur doped LATP
powders, whereas bare LATP had an ionic conductivity of 1.02 x 10 * S cm ' at 40 °C.
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are free from the aforementioned safety problems. Moreover,
they have the potential to serve at a higher energy density.
Solid electrolytes are broadly classified into three categories,

1. Introduction

There has been an increase in energy demand due to the

booming electronic device market and the potential widespread
adoption of electric vehicles; therefore, the development of
energy storage systems with higher capacities has become
necessary. Rechargeable lithium-ion batteries (LIBs) are one
of the most promising systems that can be utilized for such
applications. However, traditional LIBs suffer from well-known
safety issues, namely, electrolyte leakage, thermal instability, a
narrow electrochemical window, and flammability risk
of liquid electrolytes."™ LIBs with solid-electrolytes are now
considered to be next-generation energy storage systems and
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i.e., inorganic, organic, and composite electrolytes, and each
have certain preferences over the others. Inorganic solid
electrolytes display outstanding chemical and electrochemical
stability along with lithium-ion transference numbers close to
unity. Among inorganic solid electrolytes, oxide-based electro-
lytes have superior chemical and electrochemical stability,
whereas sulfide-based electrolytes have outstanding ionic
conductivity." Recently, Li; ;Al,5Ti; 5(PO,); (LATP) glass-ceramics
with NASICON-type crystal structures have attracted interest due
to their high ionic conductivity of the order of 10" S em™ ;'
they are utilized in both lithium-ion™* ' and lithium-air
batteries.'”'® Although LATP shows a considerable amount of
ionic conductivity, certain derivatives of sulfide-based solid
electrolytes surpass their conductivities. Specifically, sulfide-
based solid electrolytes in Li,S-P,S; systems and their derivatives
were demonstrated to have ionic conductivities of the order of
10~ S em "' However, they have to be stored in an inert
atmosphere due to the degradation of solid electrolytes and the
generation of hazardous H,S gas.*
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The high ionic conductivity of solid electrolytes in the
Li,S-P,S; system was attributed to the lower electronegativity
of sulfur compared to oxygen (2.58 vs. 3.44 for S and O).
Lithium ions were less affected by electrostatic interactions
during diffusion along their path in sulfide-based solid electrolytes.
Moreover, the ionic radius of sulfur is larger than that of oxygen;
therefore, it provides a larger space for ion diffusion.

Several studies have focused on combining the superior
properties of oxide- and sulfide-based solid electrolytes through
doping. For the Li,S-P,S; system, different oxygen sources,
e.g., Li,0,”' P,05*** or metal oxides,” were doped to partially
replace sulfur in either component with oxygen to mitigate the
poor electrochemical stability of the system. Studies revealed
that the generation of H,S gas, due to the decomposition of the
solid electrolyte, was almost eliminated with the addition
of oxygen into the sulphur-based solid electrolyte but ionic
conductivity was scarificed.**

In this study, we aim to incorporate sulfur into LATP solid
electrolytes to partially replace oxygen with sulfur without
disturbing the NASICON framework of LATP. Sulfur was doped
into the LATP structure during a facile and cost-effective sol-gel
process using a sulfur-ethylene diamine complex precursor.
To our knowledge, this is the first study that reports a sulfur
doped LATP structure. Moreover, we investigated the effect of
the concentration of sulfur doped in the LATP structure on the
ionic conductivity and lithium-ion diffusion barrier.

2. Experimental
2.1. Materials and methods

The sol-gel synthesis route used in the synthesis of the LATP
powders was as follows. Stoichiometric amounts of titanium
isopropoxide and aluminium isopropoxide were dissolved in
a citric acid solution in separate beakers. In another beaker,
lithium acetate and ammonium dihydrogen phosphate were
dissolved in a citric acid solution. The amount of citric acid
(CA) was adjusted such that the CA: metal ratio was 3: 2. After
collecting each solution in a common beaker, ethylene glycol
was added into the solution and the solution was stirred at
80 “C until the gel was formed. The pH was then adjusted to
neutral using ammonium hydroxide in the pure LATP synthesis,
whereas, in the sulfur-doped LATP synthesis, the pH was
adjusted by adding ethylenediamine-sulfur complex, which was
prepared by dissolving sulfur powder (purity 99.98%, supplied
from Sigma Aldrich) in ethylenediamine (purity >99%, supplied
from Sigma Aldrich) precursor, which also serves as the sulfur
source. After gel formation, the product was aged at 150 °C for
6 h and then crystallized using a two-step heat treatment. In the
first step, the precursor was heated to 500 °C under an Ar gas
flow for 5 h to allow a pyrolysis reaction to occur. Subsequently,
the temperature was increased to 850 °C under ambient condi-
tions to allow for the crystallization of the desired phase out of
the glassy phases. Then, the two-step heat treatment was utilized
to prevent the evaporation of sulfur, which has a boiling point of
444.6 °C. In the first step of heat-treatment, we confined the
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Fig. 1 Synthetic route to pure-LATP and the sulfur-doped LATP.

sulfur to the structure using the heat treatment under argon and
then the second step was carried out under ambient conditions
to enable the decomposition of the organic components
and crystallization of the desired phase. The synthetic route is
schematically shown in Fig. 1. The change in the colour of the
mixture during the addition of the EDA-S precursor is depicted
in Fig. $3 (ESIY).

The amount of sulfur doping was adjusted such that the
stoichiometry given below was satisfied and the corresponding
samples were denoted as shown in Table 1.

2.2. Physical characterization of bare and sulfur doped LATP

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis was carried out to characterize the existence
and amount of sulfur using a PerkinElmer Optima 7300. Phase
analysis of the synthesized powders was carried out by X-ray
diffraction with a scan rate of 1° min™" to characterize the
existence of any impurity phase and possible peak shifts due to
sulfur doping. The Raman spectra were obtained using a Kaiser
Raman RXN1 microprobe at an excitation of 732 nm to
characterize changes in the local environment due to sulfur
doping. The morphology and microstructures of the synthesized

Table 1 The amount of sulphur doping and sample codes

Liy 3Aly 3Ti; 7P3015,5, x=0 Bare-LATP
x=0.01 LATP-001S
x=0.02 LATP-002S
x=0.05 LATP-005S
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powders were observed by a field emission scanning electron
microscope (FEI FEG QUANTA 450). Moreover, additional mor-
phological characterization was carried out using transmission
electron microscopy (TEM, Hitachi HT7800). Thermal analysis
was carried out to characterize the endo(exo)thermic reactions
and the accompanying weight change of the structure due to
heat treatment. X-ray photoelectron spectroscopy (XPS) was then
performed on the sulfur doped and non-doped LATP using a
Thermo Scientific K-Alpha spectrometer with a monochromatic
Al Ko X-ray source to characterize the existence of low sulfur
content and states in the structure.

2.3.
LATP

Electrochemical ch ion of bare and S doped

The ionic conductivities of the synthesized structures were
measured by AC electrochemical impedance spectroscopy
analysis at 10 mV between 10 and 10° Hz. Note that 200 mg
of each powder was placed in a & 10 mm cylindrical mould to
pelletize the powders under a uniaxial pressure of 360 MPa. The
pellets were then sintered at 850 “C before the conductivity
measurements were obtained. Ag paint was coated onto both
sides of the pellets to construct Ag/LATP/Ag symmetric cells for
the impedance measurements. Temperature dependent ionic
conductivity measurements were then performed between
40 and 100 "C within a climate cabinet, following 1 h of storage
at each temperature for thermal balancing.

2.4. Bader charge analysis of bare and sulfur doped LATP

To characterize charge accumulation in the local environment,
we carried out Bader charge analysis with density functional
theory (DFT).>*?® PO, and PO;S tetrahedrons were analyzed by
first principle techniques based on DFT as implemented in
the Vienna Ab initio simulation package (VASP).””** The calcu-
lations were carried out within the simulation cell of 12 A to
prevent any interactions due to the periodic boundary condition.
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation energy
functional within the generalized gradient approximation (GGA)
was employed in the calculations. Brillouin zone integration was
performed using a gamma centered 1 x 1 x 1 k-point scheme.
Bader analysis was performed to calculate the charges on the
ions.”

3. Results and discussion

The crystallization temperature of the powders was determined
from the DSC analysis as shown in Fig. S1 (ESIt). The initial
weight loss at around 100 “C is associated with the evaporation
of water. At around 200 °C, one endothermic peak, which is
related to the decomposition of NH,H,(PO,);, and the accom-
panying weight loss was observed.’ Further weight loss up to
600 “C is due to the removal of the organic precursors, i.e., citric
acid. Beyond 600 “C, there is no weight loss in the structure up
to 950 "C where the crystallization of the desired structure from
the glassy phase occurs. However, beyond 950 "C, a strong
endothermic peak and the accompanying weight loss was

This journal is © the Owner Societies 2020
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Fig. 2 XRD analysis of heat-treated LATP at 500 "C and 850 ‘C for 5 h.

observed, which was attributed to the loss of lithium from
the structure. Such lithium loss would inevitably alter the
stoichiometry, and hence an AlPO, impurity phase emerges.”
In light of the DSC analysis, we have selected 850 “C as our
crystallization temperature.

Fig. 2 shows the XRD pattern of the synthesized LATP
powders crystalized at 850 "C. The XRD analysis reveals that
the peaks of the synthesized structure are coincident with the
LiTi,(POy4); phase (JCPDS#35-0754) in a rhombohedral crystal
structure. The slight deviation into larger 20 values is attributed
to the Al-dopant in the structure, which replaces titanium.
Due to the smaller ionic radius of Al [0.605 A vs. 0.535 A for
Ti'" and Al'*, respectively], the peaks shift to the right in the
XRD analysis. The small peaks observed at around 23.2" and
28.5" were attributed to the existence of the Al(PO,) phase,
due to the evaporation of Li' during the crystallization heat
treatment. Such evaporation inevitably alters the stoichiometry
of the structure where the excess Al' dopants precipitate as the
Al(PO;) phase. The powders that pyrolysed at 500 “C are shown
to still be in the amorphous phase and turned into crystalline
structures upon heat treatment at 850 'C. FESEM analysis and
the corresponding EDS analysis of the LATP powders are given
in Fig. S2 (ESI¥).

Fig. 3 shows the XRD analysis of LATP with different
amounts of sulfur dopant along with pure LATP. Any extra
peak due to the addition of sulfur was not observed in the XRD
analysis as the amount of sulfur dopant is under the detection
limit of XRD. However, the impregnation of sulfur into the
LATP crystal structure can be confirmed by the peak shift to
smaller values in XRD, as illustrated in Fig. 3. Substitutional
replacement of oxygen with sulfur enlarges the lattice due to the
larger ionic radius of sulfur compared to oxygen (1.84 A for §~*
and 1.40 A for O ). As observed in the XRD analysis, the peaks
shift to smaller 20 values upon sulfur doping in LATP-001S and
LATP-002S. However, in LATP-005S, we systematically observed
that the peak barely shifts to the left compared to pure LATP.
This phenomenon was thought to be due to the precipitation of

Phys. Chem. Chem. Phys., 2020, 22,17221-17228 | 17223
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Fig. 3 XRD analysis of bare-LATP and sulfur doped LATP.

excess sulfur particles into the matrix, which shrinks the lattice
due to the smaller lattice constant. The same phenomenon was
observed in Si*! doped LATP where the peaks shifted to the left
upon doping of larger ions into the system.**

Fig. 4 shows the Raman analysis of the bare and S-doped
LATP structures. The predominant peaks observed between
900 and 1100 cm ™" are due to the P-O stretching modes and
asymmetrical vibrations of (PO,) . The peaks between 400 and
450 em ™' and 300 and 350 cm ™' denote symmetrical bending
modes and the motions of (PO,), respectively.*** Moreover,
the peak observed at 280 cm ™" was assigned to the translational
vibration modes of Ti**. Notably, new peaks appear at 395 cm ™"
and 641 cm ™" and are assigned to the A; symmetric stretching
mode and T, asymmetric stretching mode of (PS,*").**** The
peaks at 749 cm ™' and 785 cm ' are attributed to the existence
of P=S T, and A, stretching modes, respectively.’® Moreover,
the observed peak at 515 cm ™" is attributed to the S-S stretching
mode.”” It is evident that the addition of sulfur into LATP
increased the PS, peaks and P==S modes, which was attributed

300

395 cm”
515cm”
641 cm”

LATP-0058

s

© 200~

E LATP-002S

7]

c

‘2 1004 M n LATP-001S
M Bare LATP

o N -

200 400 600 800 1000 1200 1400
Raman Shift (cm™)
Fig. 4 Raman analysis of bare-LATP and sulfur doped LATP.
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to the existence of sulfur in the crystal structure and further
evidenced the replacement of oxygen.****

To explore the elemental composition of the synthesized
LATP powders, we conducted XPS analysis. The general spectrum
of bare LATP indicates the e of the base el Ti, O, P,
and a small Al peak due to the low Al content. A new peak, which
was attributed to the existence of sulfur, emerged in the sulfur-
doped LATP sample. As shown in Fig. 5(b and c), deconvolution of
the P, state indicates the existence of a small shoulder at around
132 eV, which stands for the existence of (PS,)™* units and
confirms the partial replacement of oxygen by sulfur in the
(PO,)~* tetrahedra.’®*® Further analysis of the S 2p state, given
in Fig. 5(d), reveals that sulfur coexists both as elemental sulfur
and connected to phosphorus in LATP-005S. The two major peaks
at 164.8 eV and 163.6 eV are assigned to the S 2p,;, and S 2p,;,
states, respectively, whereas the peak at a lower binding energy
(161.6 eV) stands for the existence of sulfur bonded to phosphorus
in the (PS,)? tetrahedra. Moreover, the deconvolution of § 2p
indicates the existence of P=S bonds at about 162.7 eV. The
results are in accordance with the XRD analysis given in Fig. 3,
where the peaks shift to higher 20 values due to the precipitation
of excess sulfur in LATP-005S. Moreover, Fig. 5(e) shows the S 2p
state of LATP-002S. The main peak at around 162.4 eV and the
shoulder at a higher binding energy (164.3 eV) are due to P-S
and P-O bonds, respectively, in the tetrahedral units of the sulfur-
doped LATP structures.*' ™

To characterize the stoichiometry and the amount of sulfur
in the structure, the sintered powders were analyzed by EDS

a) o,

LATP-005S

M

Intensity (a.u.)

Bare LATP

900 800 700 600 500 400 300
Binding Energy (eV)

Intensity (a.u.)
Intensity (a.u.)

l” 134 132 10 138 136 134 132 130 166 164 162 160 |l. Ill'lﬂ 160
Binding Energy (eV)  Binding Energy (oV) Binding Energy (eV) Binding Energy (eV)
Fig. 5 (a) XPS survey spectra of LATP and (b) the P 2p state of bare LATP,
(c and d) the P 2p and S 2p state of LATP-005S and (e) the S 2p state of
LATP-002S.
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Table 2 Atomic weight percentages from the EDS and ICP-OES analyses

Atomic weight percentage (%) ICP-OES (mg kg ')

Al Ti P [¢] S S
Bare-LATP 2.29 22.04 24.15 5152 — =
LATP-002S 2.14 22.34 2495 50.38 0.19 356.12 4 24.48
LATP-005S 2.39 21.74 25.05 50.47 0.35 918.34 4 42.45

and inductively coupled plasma optical emission spectrometry
(ICP-OES). Table 2 shows the amount of sulfur obtained by
ICP-OES analysis along with the atomic weight percentage data
from the EDS analysis for comparison. According to the
ICP-OES results, considering the target stoichiometry given in
Table 1, the synthesized LATP-005S and LATP-002S deviate by
15.27% and 18.05% from the target stoichiometry of sulfur.

The synthesized LATP powders were analyzed by TEM ana-
lysis at low and high magnifications, as shown in Fig. 6(a an b).
TEM analysis revealed irregularly shaped LATP powders with a
size of about 100 nm. Moreover, high resolution TEM (HRTEM)
analysis shows a lattice fringe with a lattice spacing of 0.42 nm,
which stands for the (104) crystal plane of the LATP powders."®
The existence of sulfur in the sulfur-doped LATP powders was
further investigated by fracture surface analysis of the LATP
pellets by FESEM-EDS, as shown in Fig. S4 and S5 (ESIf) for
LATP-001S and LATP-005S, respectively. Our results indicate
the existence and homogeneous distribution of sulfur as well
as an increased sulfur concentration with higher doping, as
verified by EDS analysis.

Fig. 7 shows the temperature-dependent electrochemical
impedance spectroscopy measurements of the bare and
sulfur-doped LATP structures.

The total ionic conductivities of the LATP pellets were
obtained using the equation given below;

_— d
T RxSA

where ¢ is the ionic conductivity of the pellets, d is the
thickness of the measured electrolyte pellet, SA is the surface
area of the pellet, and R is the total resistance (grain + grain
boundary) obtained from the intercept of the linear spike and
x-axis of the Nyquist curves.

Fig. 6 TEM analysis of bare LATP powders (a) low magnification and (b)
HRTEM analysis of bare-LATP.
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Fig. 7 Nyquist plots for (a) bare-LATP, (b) LATP-001S, (c) LATP-002S and
(d) LATP-005S.

The lithium ion diffusion activation energy barrier of the
powders was obtained using the Arrhenius equation given
below;

— —E
o = Aexp(kBT).

where g, is the total ionic conductivity of the pellets, A is the
pre-exponential constant, ky is the Boltzmann constant, E, is
the activation energy, and T is the temperature in Kelvin. Fig. 8
shows the Arrhenius plots of the pellets, which relate to
the ionic conductivity and inverse temperature. The slope of
the curves stands for the activation energy barrier (£,) of the
lithium ion diffusion. For bare-LATP, LATP-001S, LATP-002S,
and LATP-005S, the calculated activation energy barriers were
calculated as 44.42, 42.35, 39.91, and 47.32 eV, respectively.
The observed decrease in the activation energy barrier upon
the addition of sulfur into the NASICON crystal structure is

2 fonic Conductivity @ 40 °C
B (sem’)
Bare LATP 1,02x 10"
0 LATP-001S 3,06 x 10°
LATP-002S 5.21x10*
0,51 x 10"

log (o) (S cm™)
R

B Bare LATP
44 ® LATP-001S
€ LATP-002S
¥ LATP-005S
-6 T T T
2,8 3,0 32 34
1000/T (K)

Fig. 8 Arrhenius plots of the bare-LATP and sulfur-doped LATP with ionic
conductivities @40 “C in the inset.
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Fig. 9 (a) NASICON crystal structure of LATP, (b) atomic local environment
of bare-LATP and (c) atomic local environment of sulfur-doped LATP, where
the sulfur atoms are replaced with oxygen atoms.

explained as follows. For LTP, the crystal structure is composed
of TiOg octahedra and PO, tetrahedra where one corner oxygen
atom is shared, as illustrated in Fig. 9(b). Lithium ions
are located primarily at the 6b and 18e Wyckoff positions."”
Substitutional replacement of Ti** with Al'® activates Li* occu-
pancy at the 36f site where the lithium ion mobility is higher.
Considering the TiOs-PO, base structure and that Li' ions
wander around, oxygen atoms on the PO, tetrahedra will have
a higher partial negative charge due to the high electronegativity
difference between the oxygen and phosphorus atoms (3.44[0] vs.
2.19[P]). This higher partial negative charge on the oxygen atoms
will create a higher Coloumbic force between the oxygen and
lithium ions; i.e., the lithium ions will be pulled more strongly in
the framework, which will inevitably restrict the free movement of
the lithium ions. However, the electronegativities of sulfur and
phosphorus are just slightly different from each other (2.58[S] vs.
2.19[P]); therefore, the partial negative charge on sulfur will be
much less than that of oxygen, as illustrated in Fig. 9(c). The lower

b)

Fig. 10 Bader charge analysis of (a) PO, and (b) PO3S tetrahedra and the
corresponding charge density maps (c and d). Sulfur, phosphorus, and
oxygen are depicted in green, grey, and red, respectively.
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partial negative charge on the sulfur atoms will create a smaller
Coulombic force between the sulfur and lithium ions, thus the
lithium ions move freely.

To further elucidate charge accumulation in the proposed
system, we performed Bader charge analysis on the PO, and
PO;S tetrahedral, where one corner oxygen atom was substi-
tuted with sulfur, as illustrated in Fig. 9(b and c). Fig. 10(a and b)
shows the net charge accumulation on each atom and the
calculated bond lengths of P-O and P-S. The Bader charges were
obtained as —0.570 and —7.022 for phosphorus and oxygen,
respectively, in the PO, tetrahedra and —2.518, —6.663, and
—5.273 for phosphorus, oxygen and sulfur in PO,S, respectively.
Note that the Bader charges mostly accumulated around oxygen,
as illustrated in Fig. 10(c and d) and proposed in Fig. 9.

4. Conclusions

In summary, we successfully synthesized sulfur-doped LATP
glass ceramics using a facile sol-gel method. Sulfur doping was
achieved using a sulfur-ethylene diamine complex precursor,
which enabled both pH adjustment and sulfur doping in the
synthesis. Our results indicate that sulfur impregnates the
NASICON crystal structure of LATP because substitutional
atoms are replaced with oxygen in the PO, tetrahedral units.
Such replacements were shown to decrease the activation
energy barrier of lithium ion migration from 44.42 eV to
39.91 eV due to weaker electrostatic interactions between Li-S
compared to Li-O. Using first principle techniques with density
functional theory, we have shown that Bader charges accumu-
late more readily around oxygen as opposed to sulfur. Thus, the
lithium ions undergo fewer interactions as oxygen atoms
replace sulfur atoms. Our results can provide a valuable
methodology for increasing the lithium ion conductivity of
oxide-based solid electrolytes, which have intrinsic thermal
and oxidation stability. Moreover, this facile methodology can
be easily extended to other oxide-based solid electrolytes,
i.e., LLZO, LAGP, or LLTO, to further increase their ionic
conductivities.
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Fig. S1. DSC-TG analysis of LATP powders
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Fig. S2: FESEM analysis of LATP powders, corresponding elemental mapping and EDS analysis.

69



Bare LATP LATP-01S  LATP-02S LATP-05S

Fig. 83: Colour change during gel formation in bare-LATP and sulfur doped LATP syntheses.
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Fig S4: Fracture surface FESEM image and corresponding EDS mapping of LATP-001S.
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2H-MoS, as an Artificial Solid Electrolyte Interface in

All-Solid-State Lithium-Sulfur Batteries

Abdulkadir Kizilaslan,* Tugrul Cetinkaya, and Hatem Akbulut

All-solid-state lithium-ion batteries are considered the next-g ion energy
storage systems. However, certain problems arise from the degradation

of anode-electrolyte interface hindering their use especially when lithium

is used as an anode. Herein, lithium metal anode surface is modified by

an artificial 2H-MoS, layer to p the contact betv highly r
lithium and solid electrolyte without sacrificing the lithium ion transport. The
stabilization of the electrode/electrolyte interface is attributed to the electro-
chemical stability of the 2H-MoS; layer. Besides, high ionic conductivity and
selective sieving nature of layered MoS, neither pr the electrochemical
reactions nor increases the total impedance of the cell. Electrochemical
stability of the electrode/electrolyte interface is shown by long-term chrono-

p try and ck | y tests. By stabilizing electrode/electro-
lyte interface, initial and final discharge capacities of 675.8 and 584.1 mAh g™,
respectively, is obtained at 0.4 mA cm current density in MoS,@Li/
Li;P;S1/S. After 200 cycles, discharge capacity fade is obtained as 13.58% and
27.3% for the cells assembled with MoS,@Li and bare Li anodes, respectively.

Regardless of the battery type, Li-ion
(sulfur) or Li-O,, it is rational to consider
the lithium metal as the anode material
in these batteries due to several aspects.
First, it is the lightest solid (0.534 g cm™)
in the whole periodic table and has the
lowest electrode potential with —3.04 V.31
Second, as a pure lithium source, an inter-
calation or conversion reaction media
is not necessarily required in batteries
with lithium anodes. Overall, lithium
metal has a theoretical specific capacity
of =3860 mAh g However, many
problems arising from the highly reac-
tive nature of lithium metals, namely;
1) uncontrollable dendrite formation
during lithium deposition\dissolution and
2) unstable solid-electrolyte interface (SEI)
layer formation, restricts its use in sec-

1. Introduction

The use of fossil fuels and accompanied environmental prob-
lems triggered the scientific studies to build new energy storage
systems. Lithium-ion batteries (LIBs) are considered the
most prominent alternatives to replace the use of fossil fuels
on vehicles. As we approach to the theoretical capacity limits
of LIBs, lithium-sulfur batteries emerged as new potential
energy storage system with their theoretical energy density of
2500 Wh kgL
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ondary batteries.

All-solid-state LIBs (ASSLIBs) are now
emerging systems to replace LIBs with
liquid electrolytes and are free of the aforementioned problems
in certain aspects. Solid-electrolytes were shown to greatly sup-
press the formation of lithium dendrites. However, the forma-
tion of an unstable SEI layer still exists in ASSLIBs. Although
solid electrolytes with lithium-ion conductivity on the order of
liquid electrolytes have been synthesized,'! their adaption into
a cell with lithium anode is hindered due to the formation of
unstable SEI layer. A stable SEI layer has to meet several cri-
teria. First, an SEI layer has to be composed of electronically
(ionically) insulating (conducting) phases. Besides, the layer
should be thin and dense enough so that the total impedance of
the system does not increase due to the low ionic conductivity
of the layer.

Unfortunately, only a few numbers of solid electrolytes exist
that satisfies the above mentioned criteria. One plausible way
to avoid the self-formation of the unstable SEI layer is to coat
the lithium anode with the phases having desired properties.
By coating lithium anode; 1) the contact between anode and
electrolyte can be increased due to better wetting, 2) dendrite
formation can be eliminated, and 3) electrolyte decomposition
can be prevented. Li;N coating was shown to increase capacity
retention in our previous study.”l However, the small grain
sizes (<160 nm), and weak interconnection is not capable of
suppressing Li metal dendrites for long cycles."!! Moreover, the
voltage stability window of Li;N is only =0.45 V and unstable
to reduction (<2.4 V vs Li/Li*) which is low for practical appli-
cations.”! An ultrathin Al,0; layer was shown to increase the
wetting and electrochemical stability of the garnet-type solid

© 2020 Wiley-VCH GmbH

Check for
updates



ADVANCED
SCIENCE NEWS

ADVAN

www.advancedsciencenews.com

electrolyte.>!* Similarly, a thin LiPON layer on lithium anode
effectively prevented the formation of lithium dendrites even at
high currents.)

2D materials, especially transition metal dichalcogenides
(TMDCs) are attractive materials in the synthesis of advanced
functional materials.'*"”  Among TMDCs, molybdenum
disulfide (MoS;) has attracted much interest in recent studies
as an anode material for LIBs to replace graphite anode due to
the high capacity of 670 mAh g2 Besides, MoS, and its
derivatives are utilized in different forms of energy storage sys-
tems.[2+2l As similar to graphite, MoS, has a layered structure
of covalently bonded Mo—S—Mo units into a hexagonal lattice.
The large interlayer distance of 0.62 nm (0.34 nm in graphite)
facilitates the fast lithium ion diffusion in the structure.?*!
Moreover, theoretical studies reveal that unlike graphene where
lithium ions strongly bind to defects, lithium ions loosely
adsorb onto MoS, defects and lithium-ion diffusion does not
hinder.?3! The diffusion energy barrier was calculated in
the range of 0.21-0.29 eV in different studies’***% and Shuai
et al. showed that the diffusion kinetics of MoS, can be con-
trolled by the adjustment of its layer spacing.* As a challenge
to utilize MoS; as an anode in LIBs, MoS, is a poor electrical
conductive material. In fact, many studies were focused on to
increase the conductivity of MoS,.*>*) However, as an artificial
SEI layer, the poor electronic conductivity of MoS, is an asset
once sufficient ionic conductivity ensured thorough adjusting
the thickness of the layer. MoS, is also utilized as lithium ion
conductive membrane in LIBs with liquid electrolytes, thanks
to their selective ion transport characteristics.*®**!/ Recently,
Cha et al. have utilized 10 nm thick 2D MoS, as a protective
layer for lithium metal anodes in liquid based lithium sulfur
batteries and reported that MoS, provides good adhesion on the
surface of lithium metal and enhance the Li* transport and con-
ductivity.*?l Similarly, Yao et.al.*}! used bilayer solid electrolyte
to avoid the reaction between the highly reactive lithium anode
and solid electrolyte. Although many attempts to utilize protec-
tive layers in LIBs with liquid electrolyte systems have been car-
ried out, the analysis of such layers in ASSLIBs is still in its
infancy. Besides, studies reported in the literature are utilized
thin film coating techniques that are hard to be scaled up for
mass production and not cost effective.

In this study, we report a facile coating of MoS, onto lithium
anode as an artificial SEI layer in ASSLIBs and evaluation of the
electrochemical performance of the cells assembled with bare
and MoS; coated lithium. By utilizing the selective sieving and
highly stable nature of MoS,, the layer is expected to prevent
the degradation of solid electrolyte and corrosion of lithium
anode through preventing the contact between the anode and
solid electrolyte. Highly ionic conductive Li;P3Sy; and sulfur
based composite cathode were utilized as solid electrolyte and
cathode, respectively in this study.

2. Results and Discussion

The phase analysis of the coating on the lithium surface was
performed using XRD analysis. Figure 1a displays the XRD
analysis result of the coating layer. The layer crystallizes in
2H-MoS, with a highly crystalline nature in P6;/mmc [194]
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symmetry where the atomic structure of the phase is given in
Figure 1b,c. The structure has one layer of Mo that is sand-
wiched between two layers of S which is known as the most
stable polymorph of MoS, phases. The layers are connected
to each other thorough weak Van der Waals interactions and
expected to supply paths for lithium ion diffusion. The dis-
tance between the layers (0.62 nm) is approximately twice as
much as the distance in graphite so that lithium ion move-
ment between the layers is expected to be much easier com-
pared to graphite. Low and high magnification field emission
scanning electron microscope (FESEM) image of exfoliated
2H-MoS, is shown in Figure 1d,e. It is obvious that MoS,
structure was exfoliated successfully and flake size was altered
between 1 and 4 pm.

Structural analysis of MoS, layer on lithium anode was car-
ried out by FESEM, and the corresponding cross section images
are given in Figure 2a,b at low and high magnifications with a
5° tilt angle. A thin layer of MoS, is observed on the surface.
Oxides are formed on the cross section due to the transfer of
lithium chip from the glovebox to the chamber of electron
microscopy. The homogeneous distribution of the MoS, layer on
lithium chip is also shown at higher magnification in Figure 2b
where the oxides are more obvious in the cross section.

Figure 2c displays the surface of the lithium chip partially
coated with MoS, layer. The thickness of the coating layer was
measured as 2.0 pm. Considering the overall impedance of
the cell, the coating layer has to be thin and uniform to pre-
vent local impedance arising due to the uneven coating. In
fact, unlike LIBs with liquid electrolytes, extremely thin layers
formed by thin film coating techniques is hard to be utilized
in ASSLIBs due to their vulnerability under the operating pres-
sure of these cells.

Figure 3 displays the cyclic voltammetry (CV) curves of the
asymmetric Li/Li;P;Sy/stainless steel (SUS) and MoS,@Li/
Li;P3S;,/SUS cells in the potential range of -0.5-5 V
(vs Li/Li*). A wide electrochemical window of 5 V was meas-
ured in both cells with lithium ion stripping and deposition
reactions observed at 0.27 V and just below 0 V, respectively. No
reaction was detected between MoS, and Li during the anodic
and cathodic sweep, attributed to the stable interface behavior
of 2D MoS,. However, a close look at the CV curves indicates
that there is a large fluctuation in the current in bare-lithium
compared to MoS,@Li. Such fluctuations in the current dem-
onstrate that the compatibility between lithium and solid elec-
trolyte was increased by MoS, coating. Such small fluctuations
in the current would inevitably deteriorate the stability between
electrode and electrolyte in long cycles.* So that batteries
expected to operate long times have to be constructed with ele-
ments having stable interfaces.

In fact, electrochemical window analyses conducted by CV
tests can just barely catch the reactions that stands for the deg-
radation of the interfaces due to the fast scan rates. Therefore,
in order to check the stability of the electrode/electrolyte inter-
face, we have constructed symmetric Li/Li;P;S,;/Li and MoS,@
Li/Li;P3S;;/MoS,@Li cells. Long term chronoamperometry
scan at different voltages was carried out. Figure 4a displays
the long time span current response of the symmetric cells at a
constant voltage. Fade in the current over time is attributed to
the incompatibility in the electrode/electrolyte interface. In fact,
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Figure 1. a) XRD analysis of exfoliated 2H-MoS,, b) basal plane view, c) c-axis view of 2H-MoS; crystal structure (sulfur and molybdenum are depicted
in yellow and blue colors, respectively), d) low, and e) high magnification SEM images of exfoliated 2H-MoS, layers.

Wenzel et al. characterized the interface where the formation of
Li,S and P,Ss due to the degradation of Li;P;S;; was shown by
XPS analysis.*%l In Li,S-P,S5-MS, (M: Ge, Sn, and Si) systems,
this phenomenon is even more severe due to the reduction of
solid electrolyte in contact with lithium anode.”] However, in
MoS,@Li current response to the applied voltage even at 30
and 50 mV is stable over a longer time span which testifies
the compatibility between the interfaces Li/MoS; and MoS,/
Li;P;S,;. Steady-state current at 0.01V is higher in Mo$, coated
system, which is attributed to less resistance for Li depositing
and stripping at the interface.l*¥!

The compatibility between the electrode/electrolyte inter-
face was further demonstrated by chronovoltammetry analysis
at increasing current densities as shown in Figure 4b. Sym-
metric Li/Li;P;S;;/Li and MoS,@Li/Li;P;Sy;/MoS,@Li cells
were repeatedly charged and discharged at different current
densities. The polarization voltage of bare lithium is higher
compared to MoS,@Li which shows the incompatibility of
Li/Li;P;S; interface.*) However, in MoS,@Li, the polarization
curves are stable over time even at higher current densities
of 1.6 mA cm™. Further increase in current densities leads
to fluctuations in the polarization curves which show the

Figure 2. MoS,; layer on lithium chip from cross section a) low magnification with EDS map analysis in the inset, b) high magnification, and c) MoS,
layer on lithium chip surface. (Scale bars: 200 pm, 100 um and 1 mm for image (a), (b), and (c), respectively).
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Figure 3. CV analysis of MoS,@Li/Li;P;S,,/SUS and Li/Li;P;S;/SUS cells.

deterioration of electrode/electrolyte interface in the MoS,@Li
system.

To check the effect of MoS, coating on the electrochemical
performance of the cell, CV analysis was carried out to charac-
terize electrochemical reactions and corresponding voltages in
which the reactions take place. Figure 5 displays the CV analysis
of the batteries in which bare lithium and Mo$; coated lithium
were utilized as an anode. In all-solid-state lithium sulfur bat-
teries, the reactions governing the electrochemical behavior of
the cell is known to be different than lithium-sulfur batteries
with liquid electrolytes.’”5! On the cathodic scan, one reduc-
tion peak at around 1.75 V was observed which stands for the
reduction of Sg into Li,S where the corresponding reaction
was observed in anodic scan at around 2.4 V which is due to
oxidation of Li,S reverse back into Sg. The overall reaction gov-
erning all-solid-state lithium-sulfur batteries was confirmed as

S + 2Li* + 2e” ¢ Li,S. Besides, the overlap of the curves rep-
resents the cyclic stability of the systems. The cell assembled
with the MoS,@Li as anode is expected to preserve the capacity
for longer cycles and experience less capacity fade upon cycling.

Galvanostatic charge—discharge tests were conducted at the
current density of 0.4 mA ecm2 for 200 cycles to test the cycling
stability of the cells with and without MoS, coating on lithium
anode. Figure 6 displays the cycling profiles of the cells in the
voltage range of 1.2-3 V. Cell assembled with MoS, coating dis-
plays an initial discharge capacity of 675.8 mAh g™ and after
200 cycles capacity fade was measured as 13.58%. However, in
the cell assembled with bare lithium anode, the capacity loss
after 200 cycles was 27.3%. Our results indicate the stabiliza-
tion of lithium/Li;P;S;; interface thorough an artificial MoS,
layer which prevents the degradation of the solid electrolyte and
lithium anode.
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Figure 4. a) Chronoamperometry analysis of symmetric cells assembled with bare lithium and MoS,@Li as anode at different voltages and b) chrono-
voltammetry analysis of symmetric cells assembled with bare lithium and MoS,@Li as anode at different current densities.
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Figure 5. CV analysis of all solid state a) MoS,@Li/Li;P;Sy/S and b) Li/Li;P;S,/S cells.

Figure 7a displays the discharge capacity of the cells upon
cycling. Discharge capacity was shown to more stable in the cell
assembled with MoS, coating and the capacity loss in the cell
with bare lithium anode is evident. The impedance spectra of
the cells were measured and the results are shown in Figure 7b.
The Nyquist plots for both cells display an incomplete semi-
circle in the high frequency region and a linear spike at the low
frequency region as common in all-solid-state batteries with
sulfur based solid electrolytes. The intercept between the real
part of the impedance plot and linear spike stands for the total
impedance of the cell arising from the charge transfer resist-
ance and interface resistance due to anode-electrolyte con-
tact. Nyquist plots show that the total impedance of the cell is
lower in the cell with MoS, coating and the increase in the total
impedance of the cell is reduced. However, in the cell assem-
bled with a bare lithium anode, the total resistance of the cell
increases substantially possibly due to the formation of a layer
composed of Li,S and Li;P phases as Li;P3S;; decomposed.!*5%]
Continuous increase in the thickness of the SEI layer due to the
degradation of solid electrolytes would inevitably increase the
total impedance of the cell as evidenced in the cell assembled
with bare lithium anode.

3. Conclusion

In summary, lithium anode surface has been modified with
MoS; via a facile coating route. Noticeably, the electrochem-
ical performance of the cell assembled with MoS, layer on
the anode surface was increased. The increased electrochem-
ical performance was attributed to the stabilization of the

electrode/electrolyte interface as verified by chronoamperom-
etry and chronovoltammetry tests. Besides, the coating layer
was also shown to neither prevents the electrochemical reac-
tions of the cell nor increases the total impedance of the cell
due to the ionic conductive nature of the layer. By constructing
an all-solid-state lithium sulfur battery with MoS, coating layer
on lithium surface, we have obtained initial and final discharge
capacities of 675.8 and 584.1 mAh g with 13.58% capacity fade
after 200 cycles. Same analysis yields a 27.3% capacity loss in
the cell assembled with bare lithium anode. Our results dem-
onstrate the significant effect of solid electrolyte interface on
the electrochemical performance of the cell and serve a facile
synthesis route to prevent the degradation of anode and elec-
trolyte in all-solid-state batteries by imposing an artificial layer
using 2D MoS, nanosheets between anode and electrolyte.

4. Experimental Section

Synthesis of solid electrolyte used in this study was reported in the
previous study."” Phase analysis of MoS, coating was carried out by
Rigaku D/MAX 2000 type X-ray spectrometer with Cu K, radiation
between 5° and 90° with 1° min™' scan rate. The morphology and
elemental mapping of the MoS; coating were observed with an FESEM
(FEI Quanta FEG 450).

2D MoS; was exfoliated using the electrochemical intercalation of
Li* according to the previous study.*’! Briefly, a MoS, pellet prepared
from MoS, powders used as working electrode, Pt mesh was counter
electrode, Ag wire was the reference electrode, and 1m LiClO, dissolved
in ethylene carbonate and dimethyl carbonate mixture (1:1 based on
volume) was used as an electrolyte for electrochemical exfoliation
process. The electrochemical lithiation process was performed by
chronoamperometry technique at —4.5 V potential for 3 h. The Li
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Figure 6. Galvanostatic charge-discharge analysis of all solid state a) MoS,@Li/Li;P;Sy,/S and b) Li/Li;P;S;,/S cells.
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Figure 7. Cycle analysis of all solid state a) MoS,@Li/Li;P;S);/S and Li/Li;P;S,,/S cells and, b) Nyquist plots for MoS,@Li/Li;P;Sy,/S and Li/Li;P;S,/S

cells before and after galvanostatic cycling.

intercalated MoS, pellet was then immediately immersed into DI water
to exfoliate MoS, layers while the Li* transform into LIOH. The obtained
MoS, aqueous suspension was first washed with n-hexane and then with
water to remove organic impurities. Finally, exfoliated 2D MoS; product
was obtained after filtering the suspension.

Typically, 2 mg exfoliated MoS, with 2H structure was then spread
onto lithium chip (616 mm) and pasted by rubbing with a cotton bar.
After a h layer was obtained, further analysis on the
homogeneity of the coating layer was verified by FESEM analysis.

Sulfur based cathode synthesis was carried out by melt-diffusion
method. Sublimed sulfur and graphene (4:1 wt%) were initially mixed
in an agate mortar and heat treated at 155 °C for 10 h in a sealed glass
jar to melt and diffuse sulfur into graphene. Obtained graphene/sulfur
composite was then mixed with carbon black and Li,P;S;; by ball milling
for 12 h at 370 rpm. Overall sulfur content in the composite cathode was
36 wt%.

The electrochemical measurements were conducted on all-solid-
state PEEK insulated battery cell (010 mm). The cell was assembled as
follows. 100 mg Li;PsS,; solid electrolyte was pressed under 340 MPa to
obtain a solid electrolyte pellet. 4 mg sulfur based composite cathode
powder was then loaded on one side of the pellet and pressed under
240 MPa. Finally, bare lithium or MoS; coated lithium chip was attached
to the other side of the pellet and pressed under 120 MPa to get the
three layered cell. Stainless steel punches of the battery mold acted as a
pressure transmitting media along with current collectors in the cell. All
process was conducted inside glovebox to prevent the exposure of solid
electrolyte to air.

Electrochemical impedance spectroscopy analysis was carried out in
the frequency range of 1 Hz-1 MHz at 10 mV AC voltage. CV analysis
was conducted in Gamry Ref. 1000 galvanostat between 1.2 and 3 V at a
scan rate of 0.5 mV s™', The galvanostatic charge-discharge tests were
carried out between 1.2 and 3 V with a current density of 0.4 mA cm™
at 40 °C. Chronoamperometry analysis was performed in symmetric
Li/Li;P;Sy/Li and MoS,@Li/Li;P;S;,/MoS,@Li cells at different voltages.
Similarly, chronovoltammetry analysis was carried out in symmetric cells
at different current densities.

The visualizations of the structures were generated with VESTA 15
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